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This  report  stems  from  a  two-day  workshop  on  'Biotechnology 
Aided  Synthesis  of  Aerospace  Composite  Resins'  held  August  25th 
and  26th,  1987  at  the  Stouffer  Dayton  Plaza  Hotel.  This  workshop 
was  sponsored  by  the  American  Society  for  Composites  with 
support  from  the  Air  Force  Office  of  Scientific  Research  (AFOSR) 
and  the  Air  Force  Wright  Aeronautical  Laboratories/Materials 
Laboratory.  This  workshop  was  attended  by  personnel  from 
government  and  industry  representing  both  aerospace  materials  and 
biotechnology  communities.  A  program  and  list  of  attendees  are 
attached  in  Appendices  A  and  B,  respectively. 


Introduction 


A  previous  AFOSR/ML  supported  workshop  on  the  potential 
applications  of  biotechnology  to  aerospace  materials  revealed 
five  major  areas  of  interest.  The  areas  identified  include  1. 
biomining,  2.  bioelectronics,  3.  biodegradation,  4. 
examination  of  natural  systems  for  structure/property 
relationships  and  novel  design  concepts,  and  5.  biosynthesis  of 
chemical  intermediates  for  aerospace  resins  systems.  Following 
this  initial  study  a  workshop  was  designed  to  focus  on  the  area 
of  biosynthesis  of  chemical  intermediates  for  aerospace  resins 
systems . 

The  goal  of  the  workshop  was  to  explore  in  depth  the  use  of 
biotechnology  as  a  novel  approach  in  the  preparation  of  aerospace 
resin  materials,  for  the  purpose  of  reducing  cost  in  the 
production  of  current  materials ,  or  to  produce  new  materials  of 
superior  properties  which  are  presently  unattainable  by 
conventional  synthetic  routes.  The  main  problems  faced  in  the 
exploration  of  this  area  have  been  a  distinct  language  barrier 
and  a  lack  of  fundamental  understanding  between  technologies. 
Therefore,  the  objectives  of  this  workshop  were  first  to  provide 
an  educational  background  for  both  aerospace  materials  and 
biotechnology  communities,  and  second  to  promote  interaction 
between  the  two  different  communities  to  stimulate  ideas  for 
future  work. 

The  workshop  was  divided  into  two  sessions.  The  first 
session  consisted  of  a  series  of  lectures  from  both  the  aerospace 
materials  and  biotechnology  communities  to  provide  the 
educational  background  necessary  for  communication.  T^e  second 
session  comprised  of  round  table  discussions  on  various  topics 
concerning  the  use  of  biotechnology  in  the  development  of 
aerospace  resin  materials.  The  topics  discussed  included  cost 
factors  involved  in  the  R&D  of  biotechnology,  suggestions  for 
improving  communications  between  the  two  technologies,  the  role 
of  the  Air  Force  in  promoting  interaction  and  growth  in 
biotechnology  and  the  scientific  issues  involved  in  combining 
biotechnology  and  synthetic  chemistry. 


The  educational  background  was  provided  by  six  lecturers, 
three  from  the  aerospace  resins  community  and  three  from  the 
biotechnology  community.  The  lecturers  from  the  aerospace 
community  included  Mr.  Donald  Schmidt,  consultant  for  carbon- 
matrix  composites;  Dr.  Fred  Arnold,  AFWAL/MLBP;  and  Dr.  Ronald 
Bauer,  Shell  Development  and  Research  Center.  Their 
presentations  covered  Carbon-Matrix  Composites,  Current  And 
Future  Molecular  Structures  Of  Aerospace  Organic  Matrix  Resins, 
and  Industrial  Perspectives  On  Current  And  Future  Needs  In 
Aerospace  Matrix  Resin  Chemistry,  respectively. 

The  lecturers  from  the  biotechnology  community  included  Dr. 
Masato  Tanabe ,  S.R.I.  International;  Dr.  Ronald  Huss ,  Bio- 
Technical  Resoxirces  Inc.;  and  Dr.  Denis  Ballard,  I.C.I..  Their 
presentations  covered  Applications  of  Biotechnology  to  Synthetic 
Chemistry  for  Aerospace  Matrix  Resins  Development,  The 
Application  of  Hydrocarbon  Bioconversion  Technology  to  Aerospace 
Materials  Production,  and  The  Marriage  of  Biochemical  and 
Chemical  Concepts  as  Demonstrated  by  Preparation  of 
Polyphenylene,  respectively. 

The  following  is  a  summary  of  the  presentation  given  at  the 
workshop . 


Carbon-Matrix  Composites 

Carbon-matrix  composites  are  advanced  composites  used  in 
aerospace  technology  for  high  temperature  structural 
applications.  The  carbon-matrix  composites  consist  of  a 
carbonaceous  binder,  reinforcing  fiber,  and  sometimes  a  filler. 
The  carbonaceous  binder  or  matrix  resins  are  derived  from 
thermosetting  resins  and  thermoplastic  pitches. 

Carbon-matrix  composites  are  made  by  three  principle 
methods.  The  first  and  most  common  procedure  involves  the 
impregnation  of  a  fibrous  preform  with  a  carbonizable  precursor 
followed  by  pyrolyzation  in  the  absence  of  oxidizing  agents. 
Dens i f ication  is  achieved  by  additional  matrix  impregnation  and 
heat  treatment  cycles.  The  second  method  involves  the 
infiltration  of  a  porous  article  with  a  high  carbon-containing 
liquid  which  is  then  treated  to  carbonization  or  graphitization 
temperatures.  The  third  method  involves  chemical  vapor 
deposition  of  carbon  on  a  porous  article. 


The  most  important  characteristics  for  the  matrix  resin  of 
the  carbon  matrix  composite  includes  a  high  char  yield  and  easy 
processability.  Some  of  the  factors  which  effect  the 
processability  of  the  resin  material  include  the  release  of 
volatiles,  the  thermalexpansion  coefficient,  the  viscosity,  and 
the  exotherm  characteristics. 

The  char  yield  of  the  resin  material  is  the  ratio  of  the 
weight  of  the  carbon  in  the  original  resin  to  the  initial  weight 
of  the  resin.  The  ideal  molecular  structure  for  high  charring 
resins  includes  a  high  degree  of  aromaticity  and  high  molecular 
weight.  The  aromatic  rings  should  be  separated  by  no  more  than 
one  carbon  atom  to  prevent  scission  and  volatilization  of 
fragmented  parts.  Nitrogen  if  present  should  be  located  in  the 
ring  structure  and  not  in  the  chain  structure. 

The  present  materials  used  as  organic  precursors  for  carbon 
matrix  resins  are  thermoset  reins  and  thermoplastic  pitches.  The 
thermoset  resins  most  widely  used  include  phenolics, 
polyf urfurals  and  epoxy  novolacs.  The  best  char  yield  was 
displayed  with  polyphenylene,  however,  synthetic  processing  of 
polyphenylene  was  not  efficient.  Thermoplastic  pitches  are  used 
to  densify  porous  carbonaceous  articles  by  impregnation  of  a 
porous  structure,  followed  by  carbonization.  This  process  is 
repeated  until  the  desired  composite  density  is  achieved. 
Thermoplastic  pitches  are  made  up  of  four  components  including 
asphaltenes,  polar  aromatics,  saturates  and  napthene  aromatics. 


Current  And  Future  Chemistry  Of  Aerospace  Organic  Matrix  Resins 


Research  in  both  industrial  and  government  laboratories  has 
provided  a  variety  of  new  and  unique  thermally  stable  polymers. 
During  the  last  decade  the  primary  effort  has  been  in  the 
development  of  new  cure  chemistry  to  provide  matrix  resins  with 
improved  moisture  resistance,  thermal  and  thermooxidative 
stability  and  toughness.  New  material  concepts  has  also  played 
an  important  role  in  structurally  tailoring  macromolecules  for 
advanced  future  aerospace  systems. 

The  current  and  future  work  in  the  Air  Force  on  organic 
matrix  resins  for  fiber  reinforced  structural  composite 
applications  i3  focused  upon  two  materials  technology  areas, 
thermosets  and  ordered  polymers.  Within  the  thermoset  technology 
area,  the  two  major  chemical  technology  areas  addressed  are 
acetylene  systems  and  benzocyclobutene  systems.  Within  the 
ordered  polymer  technology  area,  the  specific  chemical  technology 
addressed  is  rigid-rod  polymer  systems  such  as  the  benzazole 
heterocycl ics . 
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ted  resin  systems  consist  of  molecules 
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The  benzocyclobutene  chemistry  represents  a  new  versatile 
technology  for  high  temperature,  addition  curing  resin  systems 
with  a  hydrophobic  cure  site  and  use  temperatures  in  the  500-600 
F  range.  It  also  represents  a  method  of  vastly  improving  the 
thermooxidative  stability  and  toughness  of  currently  commercial 
BMI  resin  systems.  A  number  of  chemical  synthesis  routes  are 
available  to  prepare  functionalized  benzocyclobutene  end-capping 
ag  ents ,  however,  all  of  these  synthesis  routes  are  expensive.  A 
biologically  aided  route  to  these  end-cappaing  agents,  such  as 
the  action  of  a  dehydrogenase  on  a  substituted  ortho-xylene, 
could  have  a  significant  impact  upon  the  cost. 

The  ordered  polymer  systems  developed  by  the  Air  force 
include  linear,  r  i  £  i d  ."i.d  polymers  based  upon  the 
p<> ynonzobis  imidazole  ,  polybenzobisoxazole  and 

polybenzobisthiazole  systems.  A  potential  application  area  for 
the  ordered,  rigid-rod  polymers  which  is  currently  being  studied 
by  the  Air  force  is  molecular  composites.  Molecular  composties 
essentially  refers  to  composites  in  which  reinforcement  of  the 
matrix  material  is  at  the  moleculr  level  instead  of  with 
macroscopic  fibers  such  as  graphite.  The  concept  of  molecular 
composites  is  to  mix  together  coil-like  polymers,  which  serve  as 
the  matrix,  with  rigid-rod  polymers,  which  provide  fiber-type 
reinforcement.  Initial  mixing  followed  by  film  formation  affords 
a  planar  molecular  composite  with  random  molecular  orintation  in 
two  dimensions.  Further  orienting  of  the  film  will  give  a 
uniaxial  oriented  molecular  composite. 


Industrial  Perspective  On  Current  And  Future  Needs  In  Aerospace 


Matrix  Resin  Chemistry. 


In  1988  the  world  wide  market  for  advanced  composites  and 
high  performance  adhesives  was  approximately  20  million  pounds. 
This  includes  approximately  10  million  pounds  of  resin  comprising 
90*4  epoxy  resins  and  107.  bismaleimides ,  polyimides  and 
thermoplastics  systems.  The  predicted  market  of  advanced 
composites  in  the  year  2000  is  100  million  pounds ,  which  reflects 
a  resin  usage  of  approximately  40  million  pounds.  The  resin 
systems  used  will  most  likely  include  epoxy,  bismaleimides, 
polyimides  and  thermoplastics. 


Epoxy  resins  are  the  most  widely  used  matrix  systems  in 
performance  composites.  The  epoxy  resin  systems  are  reactive 
intermediates  composed  of  a  mixture  of  oligomeric  materials 
containing  one  or  more  epoxy  groups  per  molecule.  The  epoxy 
resins  are  cured  or  crossed- 1 inked  into  a  three  dimensional 
network  by  a  chemical  reaction.  The  two  groups,  of  curing  agents 
used  in  aerospace  technology  are  aromatic  diamines  and 
anhydrides . 


Bismaleimides  matrix  resins  display  improved 
thermomechanical  properties  compared  to  epoxy  resins  and  are  the 
leading  candidate  for  high  temperature  (300-500F)  advanced 
composites.  The  current  consumption  of  bismaleimides  is 
approximately  1. 5-2.0  million  pounds  per  year  at  a  cost  of  *25- 
*50  dollars  per  pound.  The  bismaleimides  are  prepared  by 
reaction  of  diamine  with  anhydride.  The  properties  of  the 
bismaleimide  can  be  tailored  by  varying  the  structure  and 
molecular  weight  of  the  diamine. 

Polyimide  resins,  prepared  by  the  reaction  of  dianhydride 
and  aromatic  diamines,  are  another  system  being  investigated  for 
high  temperature  advance  composites.  The  problems  of  this  system 
have  been  hydrolytic  instability  and  volatile  evolution  during 
cure  which  are  a  result  of  the  polyamic  acid  precursor.  The 
solution  to  this  problem  has  been  the  development  of  PMR 
polyimides  where  the  precusor  cures  by  addition  polymerization. 

Polyimides  along  with  polyarylene  ethers  and  polyesters  are 
examples  of  new  high  performance  thermoplastic  resin  systems. 
Thermoplastics  are  amorphous  or  crystalline  materials  which 
display  increased  toughness  and  reduced  processing  cost.  Most  of 
these  materials  are  based  on  condensation  type  polymers  with 
difunctional  reactive  intermediates  such  as  bisphenols,  aromatic 
diamines,  aromatic  dianhydrides  ,  and  other  difunctional 
reactive  intermediates.  Some  examples  of  commercial  high 
performance  thermoplastics  include  Ultem  (GE)  ,  PEEK  (ICI)  ,  and 
Xydar  (Dart  Industries) .  The  current  market  for  high 
performance  thermoplastics  is  approximately  15-17  million  pounds 
per  year  at  a  price  from  *2-*90  dollars  per  pound. 


Applications  of  Biotechnology  to  Synthetic  Chemistry 

Biotechnology  involves  the  use  of  living  cells  and  their 
active  principles  to  produce  a  product  such  as  pharmaceuticals, 
foodstuffs,  and  commodity  chemicals.  The  products  are  pure 
compounds,  mixtures,  and  cell  fractions  or  biomass  and  are 
derived  from  de  novo  formation,  transformation,  or  degradation  of 
substrates  by  the  living  cells. 


The  moat  explored  area  of  biotechnology  ia  the  uae  of  aingle 
cells  or  microorganisms  to  mediate  biochemical  reactions.  Such 
chemical  reactions  medicated  by  microorganisms  include 
Oxidations-  Hydroxy lation ,  epoxidation,  dehydrogenation  of  C-C 
bonds;  oxidation  of  and  aldehydes;  oxidation  of  amines; 
oxidative  degradation  of  alkyl,  carboxyalkyl ,  or  ketoalkyl 
chains;  oxidative  removal  of  substituents;  oxidative  deamination; 
oxidation  of  hetero-functions -  oxidative  ring  fission;  and  amine 
N-oxides . 

Reductions-  Reduction  of  organic  acids.  aldehydes,  ketones  and 
hydrogenation  of  C-C  bonds;  reduction  of  heterofunctions, 
dehydroxylation ;  reduction  elimination  of.  substituents 

Hydrolysis-  Hydrolysis  of  esters,  amines,  amides,  lactones, 
ethers,  lactams,  etc. 

Condensation-  Dehydration;  0-  and  N-acylation;  glycosidation ; 
esterification;  lactonization ;  amination 

Isomerization-  Migration  of  double  bonds  or  oxygen  functions; 
racemization ;  rearrangements 

Formation  of  C-C  bonds  or  Hetero-atom  bonds 


The  characteristics  for  these  enzyme-catalyzed  reactions  include 
reaction  specificity,  regio  specificity,  stereospecificity  and 
mild  reaction  conditions. 


The  Application  of  Hydrocarbon  Bioconversion  Technology  to 
Aerospace  Materials  Production 


The  biological  production  of  alpha,  omega-alkanedioic  acid 
is  one  example  of  a  hydrocarbon  bioconversion.  The  bacterium 
Rhodococcus  and  mutants  developed  in  a  strain  improvement  program 
convert  n-alkanos  of  10-14  carbons,  typically  dodecane ,  to  the 
corresponding  alpha,  omega-alkanedioic  acid,  typically 
dodecanedioic  acid,  with  high  yields  and  conversions.  Conversion 
is  defined  as  the  percentage  amount  in  moles  of  the  n-alkane 
consumed  during  fermentation  by  the  bacterium  without 
consideration  of  the  product  of  the  bioconversion.  Yield  is 
defined  as  %  amount  in  moles  of  the  n-alkane  converted  which  ends 
up  as  alpha,  om.ega  alkanedioic  acid.  The  yields  were  30-40% 
with  the  final  product  concentrations  in  the  range  of  30  to  45 
g/ 1 i ter . 

The  biochemical  pathway  for  omega-oxidation  of  hydrocarbons 
by  bacteria  consists  of  a  series  of  single  step  oxidations.  The 
process  begins  at  one  terminus  of  the  n-alkane  with  oxidation  to 
a  primary  alcohol  then  to  an  aldehyde  and  finally  to  a  carboxylic 
acid.  The  same  series  of  oxidations  then  proceed  at  the  other 
terminus.  This  multiple  step  bioconversion  requires  oxygen  and 


NAD+ .  Because  of  the  multiple  step  process  of  the  bioconversion 
the  whole  cell  approach  is  the  most  technically  feasible. 


Typical  fermentation  process  development  programs  involves 
four  phases: 

1.  a  strain  improvement  program 

2.  shake  flask  and  enzymology  studies 

3.  pilot  fermentation  studies 

4.  bioreactor  designs 


The  strain  improvement  is  accomplished  by  mutation/selection 
methods  . 


Another  example  of  hydrocarbon  bioconversion  is  a 
fermentation  program  develped  to  convert  heptane  to  heptanoic 
acid.  In  this  study  the  bacterium  used  was  Pseudomonas 
aeruginosa . 


Acetylene  terminated  resins  are  one  of  several  candidates 
being  considered  for  potential  aerospace  applications.  The 
acetylene- terminated  resins  have  good  mechanical  properties,  high 
thermal  stability,  good  mechanical  properties,  high  thermal 
stability  and  good  retentioan  properties  after  moisture  exposure. 
The  limiting  factor  for  commercial  applications  is  cost  of  the 
precursor  meta-hydroxy  pheny lacety lene .  There  are  two  possible 
biological  approaches  for  production  of  this  precursor.  One  is 
the  enzymatic  approach  where  a  commercially  available  enzyme 
would  be  screened  for  its  ability  to  selectively  hydroxylate 
phenylacetylene  in  the  meta  position  under  various  conditions. 
The  second  approach  is  the  use  of  a  microorganism  to  convert 
phenylacetylene  to  meta-hydroxy  phenylacetylene. 


The  Synthesis  Of  Polyphenylene  From  A  Cis-Dihydrocatechol 

Biologically  Produced  Monomer 


One  example  of  combining  biotechnology  and  synthetic 
chemistry  is  the  production  of  polyphenylene  by  ICI .  In  this 
example  benzene  is  oxidized  by  oxygen  utilizing  the  dioxygenase 
enzyme  contained  in  the  microorganism  Pseudomonas  Putida. 
Genetic  manipulation  produced  a  variant  which  gave  exclusively 
the  initial  oxdiation  product  of  benzene  the  cis-dihydrocatechol 
in  practical  quantities.  Derivatives  of  the  latter,  in 
particular  the  methyl  carbonate  can  be  obtained  pure  and  are  very 
stable.  They  polymerise  in  the  absence  of  solvent  with  radical 
initiators  to  give  a  polymer.  The  latter  is  soluble  in  solvents 
such  as  acetone  and  methylene  chloride  and  readily  forms  coherent 
coatings  and  films.  On  heating,  methanol  and  CO^  are  expelled 
and  polyphenylene  is  formed  as  a  coating  or  film  The 
aromatization  can  occur  under  homogeneous  conditions  in  the  basic 
solvent  N-methyl  pyrrolidone.  Surprisingly,  these  partially 
aromatized  molecules  are  soluble  even  at  conversion  to  30X  phenyl 
groups.  The  latter  studies  can  be  used  to  measure  the  glass 
transition  of  polyphenylene  which  was  found  to  be  283  degrees  C. 


Neutron  scattering  studies  have  shown  that  the  precursor 
polymer  is  a  random  coil.  Viscosity  measurements  show  that  there 
is  a  coil-rod  transition  on  aromatization  in  N-methyl 
pyrrolidone.  Crystallographic  data  on  polyphenylene  crystallized 
above  its  glass-transition  and  thermal  and  electrical  properties 
are  described. 


Discussion  Topics 

The  discussion  topics  included;  1.  The  cost  factors 
involved  in  R&D  of  biotechnology,  2.  Suggestions  for  improving 
communication  between  technologies,  3.  The  Air  Forces  Role  in 
promoting  biotechnology,  and  4.  Scientific  Issues  involved  in 
using  biotechnology  to  aid  in  synthesis  of  composite  resins. 

The  cost  factors  involved  in  the  R&D  of  biotechnology  are 
extensive  and  are  higher  than  many  other  new  technologies.  The 
fact  that  biotechnology  is  still  a  very  young  science  adds  to  the 
development  costs.  The  actual  cost  of  a  project  will  be 
dependent  on  several  factors  including  the  use  of  whole  cell  vs 
selected  enzymes,  the  toxicity  of  the  substance  and  the  product, 
and  the  concentration  yield  of  the  product. 

There  was  some  disagreement  within  the  biotechnology 
community  with  respect  to  the  inherent  cost  of  carrying  out  a 
commercial  biological  conversion  such  as  hydroxylation  of  an 
aromatic  ring.  There  was  general  agreement  that  R&D  costs 
associated  with  developing  a  biological  conversion  of  interest  to 
the  Air  Force  would  be  shared  by  a  company  when  the  company  had  a 
internal  interest  in  the  conversion  from  a  generic  perspective; 
however,  companies  will  not  publicize  what  their  R&D  interest 
areas  are.  It  is  thus  up  to  the  Air  Force  to  publicize  its  need 
and  let  the  interested  companies  respond. 

The  suggestions  for  improving  communication  between  the  two 
technologies  of  biotechnology  and  materials  science  included 
organizing  more  workshops,  establishing  a  point  of  contact  for 
both  communities,  encouraging  the  biotechnology  community  to 
solicit  ideas  from  the  material  science  communities,  and 
encouraging  organization  of  enzymatic  rxn’s  maybe  in  the  form  of 
a  book  or  catalog.  The  recommendation  for  the  Air  Forces  role  in 
improving  communication  and  promoting  research  was  to  increase 
financial  support  and  continue  generating  white  papers  or 
planning  documents  to  stimulate  ideas. 

The  scientific  issues  dicussed  determined  that  biotech  was 
still  too  underdeveloped  to  determine  feasibility  of  producing 
specialty  aerospace  resins  chemicals.  The  most  probable  use  of 
biotechnology  would  be  in  the  production  of  key  intermediates. 
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Carbon  Matrix  Composites 
Prospective  Roles  for  Biotechnology 


L.  Scott  Theibert 

and 

Don  L.  Schmidt 


ABSTRACT 

Carbon  matrix  composites  (CMC)  are  composed  cl  a  carbonaceous  binder,  a 
reinforcing  fiber,  and  sometimes  a  fillet.  They  are  manufactured  by  the 
control] ed  pyrolysis  of  organic  constituents  to  yield  composites  with 
extraordinary  properties. 

The  role  of  carbon  matrices  in  CMC  w j 1 i  le  discussed,  including  their 
functions,  methods  of  formation,  and  properties.  Matrix  precursors  based 
on  thermosetting  resins  and  thermoplastic  pitches,  and  their  influence  on 
the  newly  generated  carton  structures  will  also  be  described. 

Some  highly  speculative  tolerf  for  biotechnology  will  also  he  discussed  to 
stimulate  original  thinking  in  this  new  interdisciplinary  materials  field. 

J.  IMPORTANCE:  Advanced  composites  i( present  one  of  the  most  important 
achievements  in  materials  technology  during  the  past  three  decades. 

Organic,  metallic  and  eeiai.iic  matrices  in  combination  with  high  performance 
fibrous  reinforcements  have  beer,  developed  and  successfully  used  in  numer¬ 
ous  applications. 

Carbon  matrix  composites  (CMC'*  are  the  m<>si  important  form  of  ceramic 
composites.  These  unique  materials  are  cemposed  of  a  carbonaceous  binder, 
a  reinforcing  agent,  am!  sometimes  a  l:.!er  material.  Virtually  any 
thermally  stable  f.ihci  or  filler  can  ho  used  in  combination  with  the  carbon 
matrix. 

II.  CARBON  MATRIX  COMPOSITES 

HISTORY:  Carbon  mat. »•]:  composites  originated  in  the  United  States.  In 

1959,  simultaneous  resent ih  being  conducted  by  the  Chance  Vonglit  Corpora¬ 
tion,  the  Union  Carbide  Corporation  and  'he  U.S.  Air  Force  Materials 


D.  L.  Schmidt,  Consultant,  Beavercreek  nil  45410 

L.  S.  Theibert,  Tech  Area  Manager,  Air  tor oo  Wright  Aeronautical 
Laboratories,  AFWAL/MLRM,  Wr ight-Pat t erson  AFB  011  45413-6511 
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Laboratory  lead  to  composite  in  various  ‘onus  (1-3/. 

Since  f  irst  generation  laboratory  nirint1;.  ities,  carbon  matrix  composites 
have  been  improved  dramatically.  r,e<  L.mioa1  properties  lrvp  more  than 
doubled  due  to  the  groat  advances  in  iaihon  filter  strength,  elastic  modulus 
and  uniformity.  Novel  reinforcements  hate  also  boon  developed,  ranging 
from  unidirectional  (1-h)  to  eleven  t -  I ‘ )  direc  t ionai.  Host  applications, 
however,  involve  fabric  (2-D)  and  multidirectional  (3-D)  reinforcements. 
Matrix  densities  have  been  increased  from  about  U7  to  119  Ib/ft  3  (1.4  to 
1.9  g/cc),  but  the  higher  values  art  achievable  only  with  expensive  equip¬ 
ment,  high  pressure  processing  or  many  impregnation/carbonization  cycles. 
Novel  fabrication  and  processing  methods  have  also  been  developed  to  obtain 
a  wide  range  of  configuiulions  including  plates,  blocks,  cylinders,  hollow 
tubes,  frusta,  and  various  machined  parts.  Manufactured  parts  remain 
relatively  expensive,  but  the  costs  are  decreasing  as  larger  volume  appli¬ 
cations  are  being  developed. 

METHODS  OF  MANUFACTURE:  The  three  principal  methods  of  manufacturing  CMC 
are  shorn  in  Figure  1.  Tn  general,  the  product  application  and  desired 
properties  will  dictate  which  process  method  is  used.  The  most  common 
procedure  is  to  impregnate  a  fibrous  preform  ( fabric,  3-D,  etc)  with  a 
carborizablo  precursor,  and.  then  pyrolyzr  the  composite  in  the  absence  of 
oxidizing  species.  The  resultant  porous  carbonaceous  solid,  is  then  densi- 
fied  by  additional  matrix  impregnation  and  heat  treatment  cycles.  In  the 
second  method,  a  porous  article  (fibrous  preform  or  voidy  solid)  is  infil¬ 
trated  with  a  high  carbon-containing  liquid,  and  then  heat  treated  to 
carbonization  or  grapbi  t.i zation  temperatures.  A  third  method  involves  the 
densi f ieation  of  a  porous  article  with  chemically  vapor  deposited  (CVP) 
carbon.  Occasionally,  two  off  the  methods  are  used  to  densify  a  composite 
(4-9). 

COMPOSITE  ATTRIBUTES.  The  attractive  structural  properties  of  CMC 
materials  are  illustrated  in  Figure  7.  Strength  and  stiffness  values  are 
an  order  of  magnitude  higher  than  those  <>r  polycrystalline  graphites.  Of 
equal  significance  is  the  vide  range  of  properties  which  are  available  by 
varying  the  type,  percentage  and  orientation  of  the  fiber,  matrix  and 
filler.  Additional  property  changes  arc  achievable  by  altering  the 
processing,  conditions  (10-12). 

CMC  materials  can  accommodate  extreme Iv  high  temperatures  and  healing  rates 
without  appreciable  I< ss  of  surface-  material.  Lith  increased  heating,  the 
material  surface  temperature  riser  until  t  lie  sol  I  i  mat  ion  point  Is  reached 
am!  1 ' ereafter  stabilizer.  The  compos' l os  can  be  made  very  strong  and 
stiff  by  the  use  of  available  carbon  fibers.  A  highly  anisotropic  material 
is  typically  obtained,  which  is  caused  primarily  by  the  fiber  orientation, 
fihort  fiber  and  n-I)  reinteroed  romper:  i  t  or.  tend  tr  he  more  isotropic.  At 
high  temperatures  ( ire  r  *  atmosphere-)  » !w*  mechanical  properties  of  the 
composite  art  large!}'  retained  tip  t<  about  3,hDC''E  ( 1  ,9B5°C  ) .  Above 
1,500CIF  (8Jb°C),  the  site;  lie  stiength  and  spec!  lie  silliness  of  there 
composites  are  unequ.t  1  e<-’  by  all  other  brown  high  femperalnrt  structural 
materials.  Initio1  stressing  of  the  com }"<:!  tes  rroduces  a  1  inter  .stress: 
strain  relationship  tint  1  1  matrix  crack  its  is  Initialed.  Higher  stress 
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states  result  In  elongation  or  tie  forma t  !  on  in  ,1  unique  pseudo-plastic 
resporse  until  ultimate  composite  f  ra<  trie  is  reached  in  a  nonbrittle  mode. 
Thermal  shock  resistance  is  outstanding  h-cmisr  of  the  high  temperature, 
high  thermal  conductivity  and  low  density.  7'he  composites  are  light  in 
weight,  with  densities  ranging  from  about  15  to  137  ]bs/ft  3  (0.(13  to  3.20 
g/cr).  high  dimensional  stability  dnrinj  boating  is  exhibited  because  of 
the  low  coefficient  oi  thermal  expansion,  bear  resistance  is  also  high  due 
to  the  low  coefficient  oi  friction.  'the  composites  are  chemically  100/ 
carbon,  with  high  coi lesion  resistance  (particularly  in  acids).  The 
composites  are  electrically  semi -conduct ive ,  but  large  variations  in 
electrical  properties  can  be  achieved . 

COMPOSITE  LIMITATIONS.  CMC  materials  ate  speciality  engineering  mater¬ 
ials.  They  have  not  yet  achieved  widespread  application  acceptance  because 
of  their  relative  unfamiliar! tv  to  designers,  relatively  high  costs, 
anisotropic  characteristics,  long  manufacturing  times,  and  low  resistance 
to  high  temperature  oxidation. 

Carbon  matrix  composites  in  the  b.S.  presently  cost  about  $100/1 b  ($220/kg) 
to  many  thousands  of  dollars  per  pound.  Multiple  matrix  impregnation  and 
carbonization  cycles  are  typically  employed,  which  contribute  to  high 
composite  value.  Manui actur.i ng  times  t <  rul  to  be  long,  ranging  from  weeks 
to  many  months  depending  upon  the  numbe-  or  matrix  impregnation  and  thermal 
processing  cycles.  Mechanical  properties  transverse  to  tilers  tend  to  be 
low.  For  example,  3-P  composite  transverse  strengths  .are  generally  on  the 
order  of  200  to  1,200  psi  (1.3H  Lo  0.37  MPa),  fimilar  to  brittle 
materials,  the  composites  fracture  strain  is  on  the  order  of  only  0.3  to 
1.3%.  Most  composites  are  permeable  duo  to  mi erocracking ,  fiber  matrix 
separation,  and  in  some  casefe,  open  pores  in  the  matrix.  Of  high  impor¬ 
tance  is  the  composite  susceptibility  to  high  feinperaturo  oxidation. 
Oxidative  effects  become  significant  ;:t  about  (>(>0°F  (349°C)  for  carbon¬ 
aceous  composites  and  P50f’F  (455rC^  f"r  high  heat-treated  composites. 
Oxidation  has  been  minimized  by  modi  lit  1,  glass  forming  matrix  and 
protective  coatings. 

APPLICATIONS .  Carbon  matrix  composite.1;  lave  been  developed  for  various 
aeronautical,  biomedical,  delense,  industrial  ami  space  applications  as 
shown  in  Table  1  (4-f.  l’’-28).  Tin  rest  important  applications  are  as 
follows:  aircraft  brake  discs,  hypersonic  spacecraft  nosecaps,  and  leading 
edges,  missile  nosetips,  and  heatshie’dr ,  solid  rocket  motor  nozzle  throats 
and  exit  cores,  liquid  lueled  engine  thiust  charters,  and  ducting  gas 
turbine  engine  flaps  and  seals,  turbine  wheels,  furnace  insulation,  high 
temperature  bearings,  nuclear  component; ,  hot  pressing  molds  and  dies, 
prosthetics,  planetary  entry  probe  shit  ids,  very  high  temperature  mirrors, 
canisters  for  space  i  1  ■  rmnoloct ric  ginei  tors,  md  mer  ban i cal  t  act  oners. 
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Ill.  CAR BOH  MATH l Cl 


INTFRNA'fM  OMAI.  REFF-AIM!' .  Carbon  mat  1  ix  research  lias  boon  conducted  pri¬ 
marily  in  the:  United  .‘a, France,  and  fedora.!  Republic  of  Germany. 

Early  research  in  the  1  .S.  involved  then  .inset .t  i  tig  resin:;  like  phenol  ics  and 
two  directionally  re  i  n  1  <  e-ced  compos  i  ter.  (  Mi).  As  the  nerd  prow  lor  higher 
strength  and  higher  fit  unity  composites,  chemical  vapor  deposition  (GVD) 
processes  were  dovelopoc  lor  both  two  an<!  three  directional  composites 
(29-32).  Finally,  grnphi tlzable  matrices  derived  from  thermoplastic 
pitches  became  of  interest  as  application:  outlets  grew  rapidly  for  three 
directionally  reinforced  composites  (s-6,  19,  33). 

Outside  the  U.S.  ,  the  most  notable  m.iti  •  research  lias  been  conducted  by 
Prof.  F.  i'itzer  at  the  University  cl  Karlsruhe,  FUG  (34).  lndeptli  studies 
were  conducted  on  both  cross! inked  resin:  and  tar  pitches.  Elsewhere  in 
the  world,  matrix  research  has  been  lagging.  Some  of  the  contributing 
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zed  as  early  a 

1 9f>f>  by  Franco  et  nl.  when  they  staled  t  1  •  < i  the  "major  problem  area  pre¬ 
venting  tiie  realization  of  the  full  p«  te.itia!  of  the  carbon  or  graphite 
filament  is  the  binder  phase".  (42)  M  :  -  now  increasingly  clear  that  the 
next  generation  of  (.MG  materials  will  depend  heavily  on  now  and  improved 
matrices,  oxidation  pv.it  ect  ion  ,  and  tin  ;  I  • :  1  i  t.  y  in  process  them  in  a  highly 
controlled  and  understood  manner. 

FUNCTION.  The  functions  of  af matrix  f  npiposilos  are  several  fold.  They 
rigidize  other  constituents  (like  fibers!  for  structural  and  handling 
purposes.  They  also  preserve  the  ordinal  orientation  of  the  constituents 
in  the  composite.  lhe  matrix  transmits  stresses  into  reinforcing  libers  in 
order  to  achieve  maximum  composite  r.u  i  •>;•!  h  and  stiffness.  The  matrix 
reduces  the  permeabil.il;'  and  protects  other  constituents  from  degrading 
environmental  conditions.  The  ni.itm'y  alters  all  of  the  composite  proper¬ 
ties,  and  occasionally,  tin'  composite  properties  are  dominated  by  the 
properties  of  the  matrix  (43,  44). 

METHODS  OF  FORMATION.  Carbon  matrices  have  been  formed  by  solid-phase, 
liquid-phase,  and  gas-phase  pyrolysis  of  organic  compounds.  Depending  upon 
the  precursor  condition:. ,  a  large  number  of  matrix  types  can  be  obtained  as 
shown  in  Figure  3.  Mote  that  each  matrix  structure  possessing  its  own 
unique  appearance  and  picperties. 

Gelid  Phase  Pyrolysis.  'Miernosett  it<  li'iid  res  ins  are  p<;  !\inori::e(!  into  a 
hard  brittle  stage  by  the  ape'  i  cat  i  on  i  '.■•at  or  catalyst.  Upon  lurther 
heating,  t  lie  organic  solid  i:  t  inns  form/  into  a  non-graphi  t  izable 
carbonaceous  solid  without  the  interned !  ■’!  v  Hquml  state  (43).  In  a 
thermosetting  resin,  li  e  carbon  atoms  > ;  ■  '•  1  glM v  cross!  ! pkrd  before  the 
pj  roly  sis  process ,  and  is  a  result ,  t!  >  ••!•!  1 1 1  v  •  nd  or  ienlat  ion  of  the 
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molecules  arc  suppre.nsed  during  hear  (  rc  i 1  ru  » t .  Mesophase  spheru'er  do  tiot 
forn,  and  reorientation  nf  the  cr:.|  a  !  s  1  ■,  eliificult.  Consequen  1 1  y  ,  the 
size  of  the  crystallite;  re  extreme  1  v  swat1  nod  the  inclusion  of  large 
amounts  of  unoriented  r-t  r  nr  tares  <  three— b  m-h.  nsienal  bond  i  ng )  is  aJ  s< 
observed . 

Liquid  I'hase  I  yrolys  i .  ferhons  capable  cl  J.nrrpng  crystalline  three 
dimensional  orders  upon  high  Lemperal  u-e  rent  men*,  s  are  known  as  grnphiti- 
zahle  caibons.  These  carbons  are  typical ’v  derived  from  thermoplastic 
precursors  like  tar  pitches  or  polymers  with  low  crosslink  density.  (46) 
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das- Phase  Pyrolysis.  Pyrolytic  carbonaceous  and  graphitic  matrices  are 
formed  by  gas-phase  carbonization  of  organics.  Natural  gaff,  methane  or 
similar  hydrocarbon  ;;as  are  typ.icr.llv  used  in  conjunction  with  a  carrier 
gas  like  hydrogen  or  argon.  Pyrolysis  '.il.es  place  at  relatively  high 
temperatures  and  the  residual  carbon  items  are  deposited  onto  a  heated 
substrate.  Pyrolytic  deposits  have  wide’-,  difterent  (-rvsta.il  i  r.e  orienta¬ 
tions  depending  upon  deposition  com! ! t i on  and  heat  treatment  temperatures 
(47-50). 

CLASSIFICATION.  Carhe”  ’.‘trices  derived  from  organic  materials  are  broadly 
classified  as  non-grej  h  i  L  i  zable  or  graph :  t  '  rab  Lo  (51  )  depending  upon  the 
rate  of  increase  In  the  d  iameter  and  <-i.  t  lie  degree  of  stacking  ot  layer 
planes  wi  th  Increase  in  temperature  above  3,611"’ I'  (2,0()0°C). 
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Non-Graph  i  t  i  c  Carbons.  lion-graph  ’  t  i  c  onhons  .-ire  all.  varieties;  of  sub¬ 
stances  consisting  mainly  ol  tl’.o  H.i-nem  en-bun  with  Lwo-dimens tonal  long 
range  order  of  the  carbon  atoms  in  pln-s.  hexagonal  networks.  They  are 
without  any  measurable  rrystailographic  order  in  the  third  direction,  apart 
from  more  or  less  para’ lei  stacking.  !.on graph • t i zable  carbons  are  gener¬ 
ally  formed  from  precursors  that  contain  large  amounts  of  oxygen,  have  low 
hydrogen  content ,  or  are  highly  cross  ? ’hiked . 

Graphitic  Carbons,  (a  a  phi  t.  Izable  carbon  is  a  non-graph  j  tic  carbon  which 
upon  heat  treatment  co.i-arts  into  p/ephit'e  carbon  having  more  or  less 
perfect  three-dimension..’  crystalline  order.  < l aphlttzahle  carbons  are 
derived  by  the  pyrolysis  of  organic  nate"':nls  that  pa.ss,  through  a  Puid 
.state  prior  to  carbonisation.  High  rohiiity  oj  the  carbon  atoms  and 
platelet;;  during  pyrolysis  is  essential  to  forming  a  three  dimensional 
ordering  characteristic  <-'  graphitic  materials,  f.raphltic  carbons  are 
distinguishable  from  disordered  carbon;  '\  a  lower  interlayer  spacing 
(d  )  and  a  higher  value  for  (L  ),  stark  height  (1.  )  and  number  of  layer 
planes  (M).  3  C 
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Cokes  and  (.liar;;.  The  beating  ol  a  cm  bon  cor t a i n i ng  matrix  in  an  Inert: 
atmosphere  results  in  the  formation  of  a  < nr! ounooous  residue,  commonly 
known  as  a  "cok<‘"  or  a  "char".  A  coke  i  ■  :  graphitic  carbon.  Cok“s  arc 
sometimes  referred  t<>  a.*?  "soft  carbons’  >  "g’-aph  i  t  i  znbl  e  carbon;:".  A  char 
1  s  a  non-graphi 1 1  r  carbon  .  <  bars  art  a  ’■  i  n  mm  w  "hard  carbon;;"  .  Thc*v 
can  be  converted  to  so :  t  graphite  1>  c.taivtic:  j.i  aphi  tirnt  i  on.  Soil  cokes , 


of  course  ,  convert  lo  graphite  at  temperatures  in  excess  of  3,63l’°F 
(2,0(H'°C).  Matrix  prcpi’r  t  i  os  that  inrn  ■  ■.  with  heat -induced  crystalline 
ordering  include  densitv.  permeability,  thermal  conductivity,  oxidation 
resistance,  electrical  conduct  j.vj  ty  up1  :  ■•••;ueti  c  susceptibility.  Proper¬ 
ties  that  decrease  as  carlo. i  i  *i  t  rates  f  r>  r'“d  to  c  c  -.;talliue  graphite  are 
mechanical  strength:;,  ei.-.slic  modu1’':,  timmai  e:.  pansion ,  hardness,  and 
raa  gne  t  ore  s i s  t anc  e . 

IV.  ORGANIC  PRECURSOR:'- 

SELECTION  CRITERIA..  Tin  ideal  characte-1'  st  <  cs  <0  a  carbon  matrix  precursor 
are  listed  in  Table  ? .  i he  matrix  precursor  should  have  a  very  high  carbon 
content.  During  pyrolysis,  a  maximum  pi  i rentage  '(  the  matrix  carbon 
.should  be  retained  in  the  residue.  iN-  ;  .‘cursor  should  be  fluid  at 
ambient  temperatures  <•:  slightl”  cl ov  o  ml  i c'.iperat.uros .  The  vi sees  1  tv 
should  lx  lot;  to  facM  taio  penetration  1  .->t  1  ow  p'essutes)  into  small  pores 

of  a  substrate  or  cios--1  ■  packed  fiber  'endles.  "lie  precursory  matrix 
should  vet  thi?  subs  f  rat  .<■  surlaces  and  i'co  hi  in  close  proximity  during 
processing.  The  material  should  be  chctti rally  pure,  reproducible,  well 
characterized  and  inexpensive.  During  pvro.lys  •' «;  to  the  carbon  state,  the 
matrix  should  release  minimal  volatiles  and  undergo  little  expansion  and 
contraction.  The  matri-  should  soften  and  1 1 ov  just  prior  to  carbonization 
to  aid  in  pore  (void)  penetration,  Th,  pvrolvsis  should  take  place  in  an 
orderly  manner,  without  significant  exotherms,  and  occur  relatively  last. 
Only  moderate  temperatures  should  be  necessary ,  and  minimal  energy  expended 
in  the  process.  Most  <■'  'he  carbon  in  t  !>e  precursor  should  remain  in  the 
residue.  The  carbon  naf  ;x  should  be  strong,  contain  uniform  pore  distri¬ 
bution,  and  be  oi  predetermined  density,  iinal.lv,  the  carbon  matrix  should 
also  be  in  close  association  if  i  Lit  other  composite  const  i  tutent  s ,  but  not 
necessarily  bonded  to  tin  n. 

Idiile  many  selection  criteria  should  he  considered  in  choosing  a  precursory 
organic  material,  processability  and  char  ’ield  are  the  most  important. 
Processability  means  a?  i>ropriate  matri-:  viscosity  and  orderly  conversion  to 
carbon  v’  ihout  elaborate  process  (quinta'  >  <>•  unusual  conditions.  (’bar 
yield  means  a  maximum  <■  rln.ii  yield,  he'  ’  :  th  a  predetermined  microstrueture 
and  properties. 

MOl.LCUliAR  ARCIII'I  ECTI'P .  "lx  mo  lecul  a*-  ;  t  «■  hit  ect  e>  u  of  the  idt.'el  charring 
resin  has  been  studied  !•  dame  rosea ’  c !,o  i  s  .  Ip  ■  •  m-ral,  tiny  noted  that 
the  resin  should  have  a  high  degree  ,  t  a  ron-it  >  c  :  t  v  and  high  molecular 
weight.  There  should  ’>  no  non  than  .  u  cul.cn  atom  between  aromatic 
rings.  Additional  carbon  atoms  provw'.  *-n  situs  'dr  scl.ssien  and 
volatilization  of  the  ‘  ragmen  ted  part  s.  ’•  i  tmgen  '"if  present  1  should  he  in 
the  ring  structure  and  ■ .  •  t  in  the  c!u  it  *  iictur.'  ('thor  element;!  such  as 
sulfur  do  net  all  ect  l  h<  :  i :  i '  st.ahi'ii-  .  'x-v  irx'u'-e  lower  char  yields  and 
1  ower  cotivcrnion  ef  r:  c  n  nc.ius  !  hi'-  5 3  ' . 

Tl!n,M(»sr.Tl  ILf-  PUGINS.  f  he  r  i-r.. sot.  i  ing  !  '  are  >■"<  class  of  oigenn- 

precursorv  materials  used  ‘or  the  g<  u-  t  h"i  »>f  rbon  matrices .  Many 
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types  of  robin:;  have  br<  s  developed,  1  ui  on  1  v  :>  f  c\i  of  them  have  been  used 
extensively  lor  carbon  mtrl>:  f  ornn  t  inn  .  i’le-ool  i  es  ,  pnl  y  furfural s,  and 
epoxy  novo lacs  have  been  t'x  limit  wide  I  used,  based  on  acceptable  char 
yields,  low  viscosity  in  tlx-  liquid  state,  hr  cost,  orderly  cure  at 
moderate  temperatures,  h:gh  purit”,  and  mnltip1e  sources. 

’the  formation  of  polyntt  ic  carbon  from  va »- j :  ynthetic  resins  lias  been 
invest  igated  by  numerous  researchers  Ms.  73-61,'.  (iarbon  yield  was  found 
to  be  dictated  by  t fie  ability  of  the  pnVsui  to  cyclir.e.  undergo  ring 
fusion  or  c*tajn  coalescence  at  the  ons«  t  of  carbonization.  Table  3  pre¬ 
sents  the  polymer  carbon  contents,  cb-i»*  .'sins  and  the  conversion  ei fi¬ 
ll  i  end  es  for  a  wide  variety  of  cross!  ini  a  <•  rrsitis.  ili<>  carbon  content  of 
the  polymer  is  the  elemental  carbon  present  in  Lite  virgin  monomer i c  unit, 
ilie  char  yield  is  tin-  ratio  ri  the  weigh*  e'  the  carbon  in  the  original 
resin  to  the  initial  weight  oJ  the  resin.  The  commonly  used  structural 
epoxy  resin  had  a  char  vield  of  only  h  .  although  the  original  polymer  had 
a  carbon  content  of  w7  .  As  the  aromatic  content  of  the  polymers  in¬ 
creased,  the'  chai'  vield  increased.  I  pi  •  idize'd  phenolic,  for  c  xar.tp  1 1- ,  liau  a 
50%  char  yield.  Phenolic  resins  yielded  nn  larger  percentages  ei  carbon, 
ie.,  60-7(1%.  The  best  cl-ar  yield  ami  conversion  efficiency  was  obtained 
with  the  highly  polycy<  1  ■>  c  resin  po 1  \  phonvlone .  It  had  a  char  yield  of  05% 
and  a  carbon  conversion  <  fiiciency  of  fb’/.  In  ot  her  words,  very  little 
polymer  carbon  was  volatilizes  during  pvroiysjs. 

Heat  treatment  of  cured  >-oe.ins  at  elev  ated  t  enneratures  causes  weigh!  loss 
and  shrinkage.  The  wei'-bt  'ess  ol  va  r ;  oi  ■■■  re-sins  as  a  i unction  of  in¬ 
creasing  temperature  is  illustrated  in  ! : cure  4.  As  weight  is  lost  from 
the  resin,  it  also  t-r.r]or°oes  shrinkage,  '  be  amount  of  linear  shrinkage  is 
shovni  in  Figure  5.  Tf  increases,  with  vu  i  j  ! •  J  loss  and  varies  for  each  of 
the  resin  types.  Jt  shrinkage  of  the  matrix  is  restricted  during  pyro¬ 
lysis,  local  stress,  levels  will,  increase  until  they  art  relieved  by  matrix 
cracking. 

Some  of  the  important  characteristics  <•!  carbon  matrices  derived  from 
thermoset  ting  resins  aiv:  (a)  Char  yields  corn  rally  range  from  about  45  to 
H5  weight  percent,  but  4 5 -5 5  %  by  weight  ire  typical  values,  (hi  Char 
densities  are  quite  low  .  nd  on  the  ordi  r  '.'4  11  /ft  3  ( 1 . 5  g/cr),  (c. ) 

I. inear  shrinkages  up  :><  t(-.'5%  occur  dor ing  pyrolysis,  which  may  induce 
high  stresses  and  matrix  clacking,  fd  '  'b<  char  mi ci ('Structure  is  glassy 
and  can  not  be1  converted  to  graphitic  i'.v1  mi  by  'teat  treatment  temperatures 
even  up  to  5 ,43?.°F  (3.,M  O,  and  (i  '  iplii  t  i  <  or  parti;  1 1  v  graph!  tic 
nicrostructure  may  be  •  s  ihle  by  :  v  t  (  •  u  a  1  !  y  g>  m  rated  or  externally 
applied  stresses  during  h.  at  '.roatr’i  p  r  . 

1 1 1 1  ".!<  f  If )  I '  I  ASTI  (’■  FITCblS.  I'itchi  s  ire  c..-  i  lv  used  to  density  porous  earhon- 
acenns  articles.  The  process  generall'  '  wolves  :  fo'  egnat  i  (  e  o  r  !  be  port'iis 
structure,  containment  of  'he  pitch  du  in;  carbon  i  rat  ion ,  and  'epeated 
cycles  to  reach  the  eh-s !  red  composite  d.  ■  ■  i  ••  «-  porosity  levels.  bince 
pitch  is  a  solid  rt  roop  temperature  ,  t  wst.  be  t  cansl  urined  to  n  1  ew 
viscosity  lin’d  prior  ’’ripregnat  i't  .  i  1  ■  • r;  ope-. il  ion  is  tvpieailv 


performed  by  (a)  ra  i  s  ?  rr  the  to:  ipe  1  L  u  it-  >>i  'hi  pitch  n->f  ii  it  reaches.  the 
desired  viscosity-temperature  level,  (1;  <'■  i  s.so  I  v  i  ng  pitch  particles  in  a 
suitable  solvent,  or  (cl  dissolving  pitch  in  a  compatible  resinous  fluid, 
both  coal  tar  and  petroleum  pitches  have  been  successful! v  used  as  a  coke 
source  (5,  6.  62-65).  Initial  development  efforts  were  concentrated,  on 
coal  tar  pitches  because  ef  their  availability,  lot/  costs,  1 ow  sulphur 
content  and  high  carbon  yields  at  high  carbonization  pressures.  Subsequent 
developmental  work  also  involved  petroleum  pitches,  which  provided  better 
viscosity  control,  lover  ash  content,  and  .lower  quinoline  insoluble 
content . 

bitches  consist  of  many  hundred  of  d!  Heron!  species,  which  depone!  upon 
crude  composition  and  refinery  process  conditions.  Pitches  are  composed  of 
four  fractions:  asphaltenes,  polar  aromatics,  saturates,  and  rnpthone 
aromatics.  1  tie  asphaltene  fraction  of  the  pitch  produces  a  liquid  crystal¬ 
line  mesopliase,  which  in  turn,  fort:;  the  desired  coke  matrix  structure.  In 
the  temperature  tango  of  400°  tO  50f*!C,  polymerization  reactions  build 
large,  disklike,  polynuclear  aromatic,  molecules.  Upon  reaching  molecular 
weights  in  the  neighborhood  of  1400.  they  condense  in  parallel  arrays  and 
precipitate  from  the  molten  pitch,  as  a  liquid  crystal  (the  carbonaceous 
mesopbase).  This  nosophase  forms  initio1  ]y  as  small  spherules  oi  simple 
structure,  coalesces  to  a  viscous  bulb,  mesophase,  hardens,  and  then  pyro- 
lyzes  to  a  coke  (66-6/ ). 

Extensive  research  on  lar  pitches  as  cole  precursors  has  load  to  the 
following  conclusions:  (a;  I'ymlys's  t.hes  place  in  the  liquid  molten 
phase  because  of  the  lack  of  a  cross!  .tided  structure,  fb)  The  coke  yield 
is  approximately  5()T  at  ambient  pressure,  similar  to  many  crnss.l.inked 
resins.  Pressure  carbonic  a  tifon  at  1 1  ’ ,  ( H  t  to  15,(100  psi  increased  the  char 
yield  to  nearly  90%.  (cl  The  coke  micros! ructure  was  graphitic. 

Needlelike  structure  was  obtained  at  low  pressure  carbon .1  cation  and  a  more 
coarse,  iso-  tropic  structure  was  noted  at  higher  pyrolysis  pressures.  (d) 
High  pressure  carbonisation  produced  high  deruity  cokes,  it-.,  near  2.0 
g/cc.  (e)  Coke  struct. tire  is  porous  to  '.arming  degrees.  (,  f  )  Properties  of 
the  coke  structure  were  anisotropic  due  to  the  crystalline  structure. 

PYROLYTIC  CAR  DONS.  Tyrocarhons  am  crystalline  forms  ol  carbon  that  have 
been  deposited  i rmr  the  vapor  state.  The  material  is  chemically  pure 
carbon,  dense,  impervious  to  fluids,  brittle,  strong,  and  generally  aniso¬ 
tropic  in  many  properties.  When  observed  under  plane  polarised  light,  the 
pyrocarbons  can  be  distinguished  as  having  essentially  isotropic,  smooth  or 
rough  laminar  and  granular  structure::. 

PROSPECTIVE  R01.F.S  FOP  B 1  <'TT.CHN0L0GT 

As  the  field  of  comj  «.«:i  t  es  ront  jnues  to  ••  d  >t  a  rap'd  mie,  on*,  must  be 
continually  alert  c  i"  other  technologies  .  t  of  fer  potential  lot  denting 
new  materials  and  procn.sis.  In  this  •  os  pen.  ,  h '  eiechno  1  og’  offers  finite 
real,  but  limited  possibilities.  '  mil. i\e  tbi-ikii'g  and  dedicated 
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resources,  however,  .ire  of  paramount  ’  r  ■  |  nrt.inn'  :n  expanding  the  biotech— 
nn  1  ogy  horizons  to  include  the  field  cl  aerospace  materials. 


niOSYNTIirSIS  OF  RF.H  ■ 'OH'.  HJTl'.KMhh  lAi  IS  .  1 <  ' yphenylenes  are  generally 

regarded  as  the  ideal  precursory  carbon  matrix  due  to  their  cher.ical 
structure  and  very  high  carbon  contents  ( hf~7 1  ) .  First  generation  polymers 
were  infusible  and  insoluble  and  thus  diliic.ult  to  process.  Branched 
vinyl-terminated  and  acetylene-substituted  no! yphenylenes  were  later 
developed,  which  were  sufficiently  fluid  to  impregnate  fibrous  structures, 
yield  80  to  95%  carbon  upon  high  beat  treatment,  and  form  graph iti sable  to 
nongraphiti  zabl e  carbons  at  low  (100  psi  )  pr  essure  (78.-73).  Several 
examples  of  these  novo  L  aryl  acetyl  ones  are  copolymers  derived  i rom  either 
(a)  mixture  oi  di ethvny  1  beng.ene  and  etbyny.l pvrene  (74)  or  (b)  a  mixture  of 
1-e.thyrayl  pyrene  with  m-diethymylbenxeue.  The  biotechnology  community  has 
demonstrated  the  ability  to  product  rany  specialty  chemicals?  at  a  cost 
substantially  lower  than  by  using  convent i ona 1  synthetic  chemistry.  A 
recent  example  of  how  biotechnology  might:  impact  the  aerospace  composite 
area  is  provided  by  rise  ICI-developed  synthesis  of  pol  yphonyl  .cm; .  'i  lie  key 
step  in  this  synthesis  was  the  mien  Hal  induced  conversion  of  benzene ,  a 
very  low  cost  commodity  chemical,  t  *•  1  , l.-dihydi  cxvcycl nheva-3 , 5— cl i ene  which 
is  subsequent  ly  converted  by  convent  if  ua. I  chemic  al  means  to  r.  polyphenylene 
precursor.  The  potential  cost  of  this  precursor  at  the  1, ('00, 000  pound  per 
year  level  has  been  estimated  as  less  than  (•111  per  pound.  It  is  antici¬ 
pated  that  there  is  more  chemistry  of  this  type  possible  through  growth  of 
a  dialogue  between  the  hi ot echnol og\  and  materials  communities. 

BlOCONCEtn RATION  OF  HIGHLY  AROMATIC  COMtmjl'DS .  Coal  tar  and  petroleum 
pitches  are  low  cost  sources  for  carbon  matrices.  Because  they  are  derived 
from  natural  products,  they  efre  composed  ol  hundreds  of  different  compounds 
ranging  from  low  molecular  weight  pnraifinie  material  to  highly  aromatic 
species  (75).  Only  the  highly  aromatic  spec i es  are  of  Interest,  since  they 
form  the  desired  precui:.-  or  "mesophar  c  "  a.ud  the  gi  aphi  t 'Izab1  <■  carbon  struc¬ 
ture.  Attempts  to  fractionate*  pi  telex;  using,  solvent  and  thermal  methods 
have  only  been  partial  1\  sitecessftt1  to  date. 

Microorganisms  may  possibly  assist  the  r-ac tionizalion  of  complex  pitch 
mixtures  by  (a)  rendering,  the;  low  molecular  w<ight.  compounds  insoluble  in 
the  remaining  aromatic  species,  (b)  altering,  spcci  f  ic  hydrocarbon  species 
to  make  their  removal  by  other  separation  methods  both  easier  and  faster, 
or  (c.)  concentrating  the  desired  aromatic  compounds  by  some  yet  to  be 
discovered  means. 

Some  consideration  shon'd  also  he  g'ven  to  Mater* n Is  synthesis  by  plants. 
Certain  plants  may  already  be  concentrating  desired  aromatic  molecules, 
which  could  be  subsequent;  W  extruded  in  verv  pure  r ,  >  i  tu  and  very  controlled 
molecular  weight  distributions.  If  not.  genetic  t ngineer i up  may  possibly 
be  employed  to  induct  the  plants:  to  produce  desirable  carbon  precursors. 
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the  resul  taut  carbon  st  nurture.  I"  r’ici>i(-;i  1  ext  rar.i  i on  methods  reduce 

the  sulfur  content  t"  'ess  than  ■ -n c  1  - '  (  <  prior  I  <■  use,  hut  ever  that 
amount  if;  mutes  iron  h  '  e  .  Sulfur  .V  U  in  the  ea  ' onaceous  nuLrix  d  i s  nipt  s 
tlie  microstrnct ure  (induces  defect;;  -ml  is  removed  only  lr.  lte.it  t  rent men  Is 
in  excess  of  2,OOU"(..  Metals  and  met  a  t  *  ■  «»;; i des  are  also  undcsl  r<  able 
impurities  in  pitrhts.  Mat  ri>:  preeessi  n<-  I  ei.iperaturer.  up  to  about  2 ,750°C 
cause  vaporization,  micro-bubble  format  ten  and  residual  voids.  Their 
impact  on  structural  properties  is  enormous. 

The  problem  of  impurities  is  pitcher,  becomes  particular! y  acute  when  the 
tnesnphase  pitch  is  used  in  the  manufacture  oi  high  performance  libers.  By 
reducing  impurity  levels  significant!},  there  is  great  probability  that  the 
tensile  strength,  levels  can  be  elevated  iron  the  present  300,000  psi.  to 
over  1,000,000  psi  and  the  current  Young's  modulus  values  could  also  be 
Increased  from  present  values  of  125 ,000 ,000  to  about  135, 0(H), 000  psi. 
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HICROSTRUCTURE  OF  CARBON  MATRICES. 


TREATMENT  TEMPERATURE, 


CURRENT  AND  FUTURE  MOLECULAR  STRUCTURES 
OF  AEROSPACE  ORGANIC  MATRIX  RESINS 


Fred  E.  Arnold 


AFWAL/MLBP  Wright-Patterson  AFB 
Dayton,  OH  45433-6533 


Research  in  both  industrial  and  government  laboratories  has  provided  a 
variety  of  new  and  unique  thermally  stable  polymers.  During  the  last  decade 
the  primary  effort  has  been  in  the  development  of  new  cure  chemistry  to  provide 
matrix  resins  with  improved  moisture  resistance,  thermal  and  thermooxidative 
stability  and  toughness.  New  material  concepts  has  also  played  an  important 
role  in  structurally  tailoring  macromolecules  for  advanced  future  aerospace 
systems . 

The  lecture  will  encompass  both  thermoset  and  high  molecular  weight 
polymer  systems  which  are  of  considerable  interest  to  the  Air  Force. 

Synthetic  aspects  to  thermoset  endcapping  agents  will  be  discussed  as  well 
as  monomers  required  in  the  ordered  polymer  technologies.  Paramount  to  the 
success  of  a  new  polymer  technology  is  low  cost  organic  intermediates  which 
are  required  for  a  successful  transition  to  the  commercial  market  place.  It 
is  anticipated  that  biotechnology  could  play  an  important  role  in  the  low 
cost  manufacturing  of  these  n£w  materials. 


Industrial  Perspective  on  Current  and  Future  Needs 
in  Aerospace  Matrix  Resin  Chemistry 


Ronald  S.  Bauer 

Shell  Development  Company 

Westhollow  Research  Center 
Houston,  Texas  77251-1380 

INTRODUCTION 

The  world  wide  market  for  advanced  composites  and  high  performance  adhesives  in  1986 
was  about  20  million  pounds.  This  amounted  to  approximately  10  million  pounds  of  resin  sales  in 
1986.  Currently,  epoxy  resins  constitute  over  90%  of  the  matrix  resin  material  used  in  advanced 
composites.  The  total  usage  of  advanced  composites  is  expected  to  grow  to  around  100  million 
pounds  by  the  year  2000  with  the  total  resin  usage  around  40  million  pounds  in  2000.  Epoxy 
rtsins  are  expected  to  still  make  up  about  80%  of  the  total  matrix  resin  systems  market  in  2000. 
The  largest  share  of  the  remaining  market  will  be  divided  between  bismaleimides  and  polyimide 
systems  (12  to  15%),  and  what  are  classified  as  other  polymers.  Other  polymers  would  include 
thermoplastics  and  thermoset  resins  other  than  epoxies,  bismaleimides,  and  polyimide  systems. 

This  presentation  will  review  the  chemistry  of  the  state-of-the-art  and  emerging  aircraft/ 
aerospace  matrix  resin  systems  Areas  will  be  identified  where  biotechnology  assisted  chemical 
synthesis  can  be  applied  to  commercial  high  performance  composite  matrix  resins. 

EI*OXY  RESINS 

INTRODUCTION 

Probably  the  earliest  and  still  the  most  widely  used  matrix  resins  in  high  performance 
composites  are  the  bisphenol  A  based  epoxy  resin  systems  Full  scale  commercial  production  of 
epoxy  resins  began  in  1950.  Initial  significant  industrial  applications  of  epoxy  resins  were  in 
surface  coatings,  and  also  potting  and  encapsulation  of  electrical  components.  However,  by  1952 
epoxy  resins  were  being  used  in  electrical  laminates  and  a  filament  wound  pressure  tank  for  the 
F-84 jet  fighter. 

In  Figure  1  is  given  the  domestic  demand  by  product  type  for  1986.  Liquids,  brominated 
resins,  certain  speciality  resins  and  epoxy  novolacs  all  find  application  in  advanced  composites. 
Although  liquid  epoxy  resins  accounted  for  about  62%  of  the  some  318  million  pound  U.  S.  epoxy 
market  in  1986,  their  use  in  aerospace  composites  is  limited  by  their  ultimate  thermomechanical 
properties.  Most  high  performance  epoxy  resin  based  aerospace  composites  are  formulated  from 
specialty  resins  such  as  tetraglycidyl  methylene  dianiline  and  tetraglycidyl  tetraphenol  ethane. 

Figure  2  gives  the  structure  and  properties  of  some  typical  liquid  bisphenol  A  epoxy  resins. 
In  commercial  products  the  value  of  n  ranges  from  about  0  to  25,  with  typical  liquid  epoxy  resins 
having  n  values  0  to  1.  The  structures  of  a  number  of  the  more  widely  used  specialty  epoxy  resins 
are  given  in  Figure  3.  At  the  top  of  the  figure  are  shown  the  tetra-brominated  resins;  these  are 
used  for  fire  retardant  electrical  laminates — usually  at  levels  of  about  20%  weight  bromine.  For 
certain  applications  it  is  desirable  to  modify  the  relatively  hard  and  brittle  bisphenol  A  systems 
to  improve  toughness  or  their  ability  to  withstand  thermal  shock.  This  is  frequently  accom¬ 
plished  by  introducing  flexibili/ing  epoxy  resins  which  are  based  on  long  molecules  such  as 
dimer  fatty  acid  and  polyethylene  gylcols  For  more  demanding  uses  at  higher  temperatures, 


such  as  aerospace  and  certain  electrical  applications,  multifunctional  epoxy  resin  systems  are 
used.  The  epoxy  resin  based  on  the  tetraglcidyl  amine  of  methylene  dianiline  is  currently  the 
epoxy  resin  most  often  used  in  advanced  composites.  Tetraglycidyl  methylene  dianiline  cured 
with  diaminodiphenyt  sulfone  was  the  first  system  to  meet  the  performance  requirements  of  the 
aerospace  industry  and  is  still  used  extensively  today 

MANUFACTURE 

Liquid  epoxy  resins  are  manufactured  from  hisphenol  A  and  epiehlorohydrin  as  shown  sche¬ 
matically  in  Figure  4.  Typically  the  bisphenol  A  is  reacted  with  epiehlorohydrin  to  give  a  bis- 
chlorohydrin,  which  is  dehydrohalogenated  with  caustic  to  give  the  desired  epoxy  resin  In  prac¬ 
tice,  both  condensation  of  the  bisphenol  A  with  epiehlorohydrin  and  the  dehydrohalogenation  are 
carried  out  simultaneously.  A  consequence  of  reacting  in  this  manner  is  that  substantial  resin  is 
formed  before  all  the  phenolic  hydroxyl  is  consumed,  leading  to  attack  by  the  phenol  on  the  resin 
epoxide  instead  of  the  epiehlorohydrin  This  results  in  the  formation  of  some  molecules  with  val¬ 
ues  of  n  =  1  or  greater.  Glycidylamines  such  as  tetraglycidyl  methylene  dianiline  (TGMDA)  are 
also  manufactured  by  a  process  similar  to  the  one  which  is  shown  is  Figure  4  However,  the  gly- 
cidation  of  amine  is  carried  out  by  a  two  step  procedure  because:  1)  the  high  reactivity  of  the 
basic  nitrogen  compared  with  that  of  the  phenolic  results  in  free  amine  reacting  with  the  epoxide 
as  it  is  formed,  resulting  in  higher  molecular  weight  or  even  gelled  product;  2)  having  all  the 
epiehlorohydrin  in  contact  with  the  amine  could  be  a  potentially  explosive  situation  Conse¬ 
quently,  the  manufacture  of  glycidylamines  is  carried  out  in  two  steps  as  shown  in  Figure  5. 
Even  so  the  advancement  process  occurs  during  the  epiehlorohydrin  addition,  and  is  proposed 
due  to  reaction  of  the  chlorohydrin  with  free  amine  as  shown  in  Figure  6. 

As  can  be  seen,  even  such  well  established  technology  as  the  manufacture  of  epoxy  resins 
could  still  be  further  improved.  For  example,  the  preparation  of  pure  monomeric  species  by  the 
direct  epoxidation  of  the  corresponding  allylether  or  allyamine  would  possibly  avoid  the  problem 
of  advancement  during  manufacture.  Such  a  route  would  require  essentially  complete  conver¬ 
sion  of  the  allyl  group  to  an  epoxide,  but  would  result  in  high  functionality  resin  having  no  resid¬ 
ual  chlorohydrin  or  other  chlorine  containing  groups. 

CURING  AND  CURING  AGENTS 

Epoxy  resins  are  reactive  intermediates  composed,  as  we  have  seen,  of  a  mixture  of  oligomer¬ 
ic  materials  containing  one  or  more  epoxy  groups  per  molecule  To  convert  epoxy  resins  into 
useful  products  they  must  be  cured  or  crosslinked  by  chemical  reaction  into  a  three-dimensional 
network.  Crosslinking  agents  or  curing  agents,  as  they  are  also  called,  function  by  reacting  with 
or  or  causing  the  reaction  of  the  epoxide.  The  two  principal  classes  of  curing  agents  used  in  aero¬ 
space  epoxy  resin  composites  are  aromatic  diamines  and  anhydrides.  Figures  7  and  8  give  the 
structures  and  properties  of  several  of  the  more  commonly  used  aromatic  diamine  and  anhydride 
curing  agents. 

Probably  the  most  widely  recognized  property  of  cured  epoxy  resin  systems  is  their  excellent 
adhesion  to  a  very  broad  range  of  substrates  and  reinforcements.  A  contributing  factor  to  this 
end  is  the  low  shrinkage  exhibited  by  epoxy  resin  systems  during  cure,  which  results  in  lower 
stress  levels  in  the  composite  than  is  found  in  other  polymer  systems  with  higher  shrinkage. 
Another  factor  contributing  to  the  excellent  strength  of  articles  produced  from  epoxy  resins  is 
that  no  by-products  are  formed  during  cure.  Thus,  there  are  no  volatiles  liberated  that  can  lead 
to  voids,  nor  are  there  non-volatiles  generated  that  can  act  as  plasticizers. 

As  we  will  see,  anhydrides  and  aromatic  amines  also  are  used  extensively  in  high  perfor¬ 
mance  resins  other  than  epoxy  resins.  The  ability  to  place  amine  groups  in  a  specific  position  in 
an  aromatic  molecule  could  be  of  great  value  as  would  a  similar  capability  for  preparing 
anhydrides 


BISMALKIMIDKS 


INTRODUCTION 

Bismaleimides  are  receiving  considerable  attention  as  matrix  resins  for  both  electrical  lami¬ 
nates  and  high  performance  aircraft/aerospace  structures  Bismaleimides  are  now  the  apparent 
leading  candidate  for  the  intermediate  and  high  temperature  advanced  composite  market  That 
is,  they  have  improved  thermomechanical  properties  over  many  epoxy  resins  and  phenolics,  but 
retain  the  good  processing  characteristics  of  epoxy  resin  systems  They  have  less  temperature 
capability,  however,  than  resins  which  are  more  difficult  to  process  such  as  the  PMRs  (in  situ 
polymerization  of  monomeric  reactants!  and  LARC-TI’Is  (linear  aromatic  condensation  thermo 
plastic  polyimides).  The  principal  advantages  of  the  BMI's  over  epoxy  resins  are  1)  improved 
environmental  resistance  at  high  temperatures  300'  to  500  F,  2)  improved  hot/wet  resistance,  3) 
improved  dielectric  properties,  and  4)  resistance  to  burning  and  low  smoke  generation  Also  like 
epoxy  resins,  bismaleimides  release  no  volatiles  on  curing,  but  they  result  in  brittle  materials 
that  have  a  tendency  to  microcrack 

In  Figure  9  are  given  the  structures  of  some  typical  maleimides  and  bismaleimides.  Pure  bis¬ 
maleimides,  generally,  are  high  melting  solids  and  cannot  be  directly  melt  processed  into  pre- 
preg  having  tack  and  drape  Most  commercial  bismaleimides  are  systems  based  on  eutectic  mix¬ 
tures  or  systems  where  the  maleimide  double  bond  has  been  prereacted  with  groups  such  as 
amines,  hvdrazides  or  cyanates  to  provide  prepolymers  with  lower  melting  transitions  and  im¬ 
proved  solubility  These  bismaleimides  may  then  be  formulated  with  reactive  non  volatile  resins 
and  liquids  which  serve  as  diluents,  tougheners  and  curing  catalysts,  and  serve  to  make  the 
resins  more  melt  processable.  The  compositions  of  some  commercial  bismaleimides  are  given  in 
Figures  10, and  1 1 

Currently,  world  wide  consumption  of  bismaleimides  is  between  about  I  5  and  2  0  million 
pounds  per  year  at  prices  of  about  $25  to  $50  dollars  pet  pound  About  half  of  the  total  is  sold  as 
neat  or  formulated  neat  resin  and  the  ot^ier  half  as  blends  with  epoxy  resin,  dicyanates,  or  other 
resins. 


MANUKACTURK 

The  usual  method  of  preparation  of  bismaleimides  is  from  the  reaction  of  maleic  anhydride 
and  a  diamine.  As  shown  in  Figure  1 2,  a  bismaleirtiic  acid  is  initially  formed  as  an  intermediate 
which  can  undergo  cyclodehydration  at  temperatures  of  40  50’C  in  acetone  solvent  containing 
acetic  anhydride  as  a  water  scavenger.  Although  not  as  effective,  bismaleimides  can  also  be  ob¬ 
tained  by  a  one  step  thermal  cyclodehydration  process  in  acetic  acid  It  should  be  obvious  that  a 
larger  number  of  bismaleimides  are  possible  by  simply  varying  the  structure  and  molecular 
weight  of  the  diamine 

CURING  AND  CURING  AGKNTS 

The  double  bond  of  the  maleimide  is  very  reactive  and  can  undergo  thermal,  free  radical,  and 
anionic  initiated  homopolymerization  as  well  as  free  radical  initiated  copolymerization  with 
vinyl  monomers.  7’he  maleimide  double  bond  will  also  react  with  the  ally!  groups  in  materials 
such  as  dial  ly  I  bisphenol  A  and  1 1  dally  I  cy  a  mu  ate 

The  double  bonds  of  bismaleimides  car?  also  react  with  nucleophilic  reagents  In  particular, 
primary  and  secondary  amines  have  been  used  to  chain  extend  bismaleimides.  This  reaction 
known  as  the  Micheal  addition,  is  used  to  prepare  the  commercially  available  materials  shown  in 
Figures  10  and  11  The  variety  of  bismaleimides  and  diamines  has  afforded  a  large  number  of 
commercial  bismaleimide  systems  These  chain  extended  materials  generally  have  improved 
processing  characteristics  and  pei  formanco  over  t  he  unmodified  bismaleimides 


PIN K  POLYIMIDES 


INTRODUCTION 

Polyimides  obtained  by  the  reaction  of  dianhydrides  and  aromatic  diamines  as  shown  in 
Figure  13  provide  thermally  stable  polymers  with  a  good  balance  of  physical  properties.  How 
ever,  the  polyamic  acid  precursor  has  two  shortcomings,  hydrolytic  instability  and  the  evolution 
of  cure  volatiles.  Development  of  polymer  precursors  capable  of  curing  by  addition  polymeriza¬ 
tion  known  as  PMR  (for  in  situ  polymerization  of  monomer  reactants)  polyimides  have  solved 
some  of  these  problems.  PMR  type  polyimide  composites  are  finding  application  in  aircraft/aero¬ 
space  structural  components,  particularly  aeropropulsion  structural  components  where  good 
thermal  stability  is  required.  Parts  ranging  from  small  compression  bearings  to  large  autoclave 
molded  aircraft  engine  cowls  and  ducts  are  being  fabricated  from  materials  of  this  type. 

CURING 

The  first  such  material,  P13N  (with  P  for  polyimide,  13  for  number  average  molecular 
weight  of  ca.  1300  g/mole  and  N  for  nadic  end  cap),  is  shown  in  Figure  14.  The  PMR  concept  is 
shown  in  Figure  15,  and  consists  of  impregnating  the  reinforcing  fibers  with  a  monomer  solution 
mixture  dissolved  in  a  low  boiling  alcohol.  The  monomers  are  essentially  unreactive  at  room 
temperature,  but  undergo  sequential  in  situ  condensation  and  ring  opening  addition  crosslinking 
reactions  at  elevated  temperatures  to  form  a  polyimide  matrix. 

THERMOPLASTICS 

Thermoplastics  have  over  the  past  few  years  received  considerable  attention  as  matrix  resins 
for  aircrafUaerospace  composites  Many  new  high  performance  thermoplastic  materials  have 
been  developed  offering  a  balance  of  chemical,  physical,  and  mechanical  properties  that  make 
them  very  attractive  for  composite  appilications.  Also  they  offer  the  potential  advantage  in  com¬ 
posites  of  low  cost  manufacturing  of  fabricated  parts.  There  are  already  a  number  of  high  perfor¬ 
mance  thermoplastics  such  as  poly  imides/polyary  lene  others,  and  polyesters  that  are  commer¬ 
cially  available.  The  structures  of  three  new  high  performance  thermoplastics  are  given  in 
Figure  16. 

The  three  examples  of  commercial  high  performance  thermoplastics,  Ultem  (General 
Electric),  PEEK  (ICI),  and  Xydar  ( Dart  Industries),  given  in  Figure  16  are  but  a  few  of  the  high 
performance  thermoplastics  available  Total  volume  in  terms  of  pounds  for  all  high  performance 
thermoplastics  is  currently  around  15  to  17  million  pounds  per  year  with  selling  prices  ranging 
from  $2.00  to  $90.00  per  pound 

There  have  been  over  the  years  many  different  thermoplastics  examined  that  have  not 
reached  commercial  success  and  there  a  great  many  more  that  arc  currently  being  evaluated  by 
one  research  group  or  another  A  great  majority  of  these  materials  are  condensation  type  poly¬ 
mers  based  on  difunctional  reactive  intermediates  such  as  bisphenols,  aromatic  diamines,  aro¬ 
matic  dianhydrides,  and  other  types  of  difunctional  reactive  intermediates. 

CONCLUSIONS 

The  foregoing  is  a  brief  overview  of  the  principal  commercial  materials  being  used  for  high 
performance  aircraft/aerospace  matrix  resin  A  common  thread  that  runs  through  all  of  this  is, 
that  many  of  the  same  type  building  blocks  are  employed  over  and  over  again  in  these  high 
performance  thermoset  and  thermoplastic  Some  of  these  building  blocks  such  as  hy droquinone, 
bisphenol  A,  m  phenylene  diamine,  methylene  dianline,  nadic  methyl  anhydride,  and  maleic 
anhydride  are  commodity  chemicals  or  are  relatively  inexpensive  However,  for  many  more  of 
these  intermediates  they  are  obtained  from  difficult  multistep  synthetic  procedures  with  low 
overall  yields.  F’erhaps,  biotechnology  can  provide  more  efficient,  less  costly  routes  to  some  of 
these  classes  of  materials  and  with  greater  purity  than  current  ly  achievable. 


Figure  1  Epoxy  Resin  Domestic  Demand  By  Product  -  1986 
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Typical  Properties  of  Selected  Liquid  Epoxy  Resins 
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examples  of  Commercial  Resins 

a)  C PON'  Resin  82  5.  (PI  RE Z’  808  D  f  R  ?  1? 

b)  (PON  Resin  826.  (PI R(Z  509  ARALDIU  6015.  O  (  R  330 

c)  f  PON  Resin  828.  (PI-R(Z  S10,  ARALDITE  6010.  D  I  R  331 

(PON  is  a  trademark  of  Shell  Chemical  Company 
C PIREZis  a  trademark  oflnterer.  Inc 
ARALDITC  is  a  trademark  of  Ciba  Geigy  Corporation 
D.(.R  is  a  trademark  of  Dow  Chemical  Company 


Figure  7  Structure  and  Typical  Properties 
of  Liquid  Bisphenol  A  Based  Epoxy  Resins 
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Figure  3.  Specialty  Epoxy  Resins 

059*5-8 


ch2-ch-ch2ci 


Bisphenol  A 


Epichlorohydrin 


Catalyst 


Cl  OH 


1  1  F/  \  1  FF~\  1  F/  ^  1  F/~\  1  1 

ch2-chch2— o - /~c~\  y~o-cH2CHCH2-  0 /~c~\  /~°~CH?CH~CH^ 


OH  Cl 


Cl  OH 


1  1  FF~\  1  FT~\  1  Fi~' \  1  FF~ \  /°\ 

CH2-CHCH2— O  -  J-C  -y  ^-0-CH2CHCH2-  -O  /  ^~°-CH2CH-CH2 


Figure  4.  Manufacturing  Schem^  for  Liquid  Epoxy  Resins  (Conventional  Resin) 
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Figure  5.  Idealized  Manufacturing  Scheme  for  TGMDA 
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Figure  6.  Proposed  Scheme  for  Advancement  of  TGMDA  During  Manufacture 
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Figure  7.  Structure  and  Characteristics  of  Selected  Aromatic  Diamine  Curing  Agents 
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Figure  8.  Selected  Acid  Anhydride  Curing  Agents 
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Figure  11.  Bismaleimide  (H795) 
(Technochemie  GmbH  -  West  Germany) 
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Figure  14.  Reverse  Diels-Alder  Addition  .’’olyimides 
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Figure  16.  Selected  Commercial  High  Performance  Thermoplastics 
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Applications  of  Biotechnology  to  Synthetic  Chemistry 
for  Aerospace  Matrix  Resins  Development 


Masato  Tanabe 


Biotechnology,  among  the  oldest  of  man's  technologies,  uses 
microorganisms  as  well  as  higher  cells  and  their  active  principles,  with 
the  aim  of  achieving  desirable  conversions  of  various  substrates. 
Recently,  biotechnology  has  captured  scientific,  commercial,  and  public 
attention  because  of  the  wide  scope  of  materials — such  as  pharma¬ 
ceuticals,  foodstuffs,  and  commodity  chemicals — that  can  be  obtained 
through  its  use. 

Advances  in  the  constituent  sciences  of  biotechnology  (molecular 
biology,  microbiology,  genetics,  biochemistry,  physiology  and  bio-organic 
chemistry)  have  contributed  tf  better  understanding  of,  and  greater 
ability  to  regulate  and  manipulate,  living  systems  to  produce  bio¬ 
materials.  These  desirable  products  of  biotechnology  are  produced  as 
pure  compounds,  mixtures,  cell  fractions,  or  biomass.  They  can  be  either 
homogenous  or  heterogenous  chemical  structures  that  result  from  de  novo 
formation  or  by  transformation  or  degradation  of  substrates  by  the  living 
cells.  These  bioproducts  are  produced  by  either  a  single  biochemical 
reaction  or  by  multistep  processes,  and  they  account  for  essentially  the 
chemical  nature  of  biotechnology. 

The  most  understood,  studied  and  applied  area  of  biotechnology  is 
the  use  of  single  cell  or  microorganisms  to  mediate  biochemical 
reactions.  This  technology  has  been  applied  to  man's  needs  since 
antiquity.  The  ability  of  microorganisms  to  produce  these  desired 
metabolites  is  primarily  due  to  the  catalytic  activity  of  their 
enzymes.  Microorganisms  employ  both  constitutive  and  inducible 
enzymes.  These  metabolites  are  produced  to  benefit  the  organisms 
viability  and  reproduction.  Each  reaction  is  catalyzed  by  a  particular 
enzyme  in  a  highly  complex  and  wel 1-coord i nated  metabolic  pathway.  In 
addition  to  their  usual  natural  substrates,  many  of  these  enzymes  accept 


Masato  Tanabe,  Director,  Bio-Organic  Chemistry  Laboratory,  SRI 
International,  333  Ravenswood  Avenue,  Menlo  Park,  CA  9*1025 


other  structurally  related  compounds  and  thus  catalyze  unnatural 
reactions  when  foreign  substrates  are  added  to  the  fermentation  medium. 
These  reaction  products  can  usually  be  isolated  from  the  medium.  Such 
chemical  reactions  mediated  by  microorganisms  or  their  enzyme 
preparations  are  called  biotransformations.  They  should  be  viewed  as 
selective  enzymatic  modifications  of  a  well-defined  pure  compound  into  a 
defined  final  product. 

Microorganisms  are  capable  of  catalyzing  many  diverse  types  of 
chemical  reactions.  This  synthetic  diversity  is  exemplified  by  the 
general  reaction  types  shown  in  Table  1,  which  lists  reactions  mediated 
by  microorganisms. 

Table  1 

REACTION  TYPES  MEDIATED  BY  MICROORGANISMS 


Oxidations  Hydroxy lat ion ,  epoxidation,  dehydrogenation  of  C-C  bonds; 

oxidation  of  alcohols  and  aldehydes;  oxidation  of  amines; 
oxidative  degradation  of  alkyl,  carboxya 1 ky I ,  or  ketoalkyl 
chains;  oxidative  removal  of  substituents;  oxidative 
deamination;  oxidation  of  hetero-functions;  oxidative  ring 
fission;  amin^N-oxides 

Reductions  Reduction  of  organic  acids,  aldehydes,  ketones  and 

hydrogenation  of  C=C  bonds;  reduction  of  heterofunctions, 
dehydroxy lat ion ;  reductive  elimination  of  substituents 

Hydrolysis  Hydrolysis  of  esters,  amines,  amides,  lactones,  ethers, 
lactams,  etc. 

Condensation  Dehydration;  0-  and  N-acylation;  glycosidation ; 

esterification;  lacton izat ion  ;  amination 

Isomerization  Migration  of  double  bonds  or  oxygen  functions; 
racemization ;  rearrangements 

Formation  of  C-C  bonds  or  hetero-atom  bonds 


BIOTRANSFORMATION 

Biotransformations  have  many  useful  characteristics  for  applications 
in  synthetic  chemistry.  These  characteristics,  which  are  typical  for 
enzyme-catalyzed  reactions,  include  reaction  specificity,  regio 
specificity,  stereospecificity,  and  mild  reaction  conditions,  described 

below. 


Reaction  specificity.  The  catalytic  activity  is  usually  restricted 
to  a  single  reaction  type.  This  means  that  side  reactions  are  not 
expected  as  long  as  one  enzyme  is  involved  in  a  biotransformation. 

Regiospecif icity .  The  substrate  molecule  is  usually  attacked  at  the 
same  site  even  if  several  groups  of  equivalent  or  similar  reactivity 
are  present. 

Stereospecificity .  The  reactive  center  of  an  enzyme  provides  an 
asymmetrical  environment  and  distinguishes  between  the  enantiomers 
of  a  racemic  substrate.  Therefore,  only  one--or  at  least 
preferentially  one--of  the  enantiomers  is  attacked.  On  the  other 
hand,  if  an  enzyme  reaction  produces  a  new  asymmetric  center, 
usually  only  one  of  the  possible  enantiomers  is  formed  and  the 
product  is  therefore  optically  active. 

Mild  reaction  conditions.  Activation  energy  of  chemical  reactions 
is  distinctly  lowered  by  the  interaction  of  substrate  and  enzyme, 
and  thus  biotransformations  take  place  under  mild  conditions 
(temperature  below  40°C,  pH  near  neutrality,  normal  pressure). 
Therefore,  even  labile  molecules  can  be  converted  using  low  energy 
consumption  without  undesired  decomposition  or  isomerization. 

Because  of  the  above  profperties,  biotransformations  provide  a  method 
for  carrying  out  synthetic  reaction  steps  that  are  frequently  difficult 
to  accomplish  by  hemical  methods. 

With  these  characteristics  and  properties,  clearly  the  application 
of  microorganisms  and  biotransformations  to  the  solution  of  synthetic 
problems  of  organic  chemistry  will  grow  in  importance.  Many  biotrans¬ 
formations  offer  unique  synthetic  transformations.  In  planning  synthetic 
strategy,  enzymes  and  biotransformations  should  be  regarded  as  one  more 
type  of  catalyst  and  integrated  into  the  available  techniques  of 
classical  organic  synthesis. 

Biotransformations  are  also  well  suited  for  solving  problems  in 
organic  synthesis  because  the  large-scale  production  of  microbial  cells 
is  possible,  unrestricted  by  location  or  seasonal  factors.  The 
production  time  to  produce  microbial  cells  is  relatively  short  and  the 
cost  of  producing  them  is  comparatively  low  because  the  fermentation 
nutrients  are  commodity  items  (cornsteep  liquor,  glucose,  yeast  extract, 
etc .  ) . 

Continuing  advances  in  biosynthetic  theory  focused  on: 

*  Primary,  secondary  metabolism  tnd  biochemical  differentiation. 

Biosynthesis,  metabolism  and  regulation. 


Polyacetate  derived  metabolites. 


The  shikimate  pathway  and  its  stereochemistry. 


Mealonate  derived  natural  products, 


Stereochemistry  and  enzymology  of  biological  reactions. 


Developing  methodology  for  elucidating  metabolic  pathways. 


Will  facilitate  and  enhance  the  use  of  enzyme  systems  in  organic 
synthesis. 


This  presentation  will  focus  on  the  potential  use  of  the  enzymes 
from  primary  or  secondary  metabolism  (Chart  1)  that  are  either  consti- 
tuitive  or  induced  enzyme  systems  available  from  mammalian,  microbial  or 
plant  sources. 


In  discussing  "Biotechnology  in  Synthetic  Chemistry  and  its 
Applications  to  Resin  Chemistry",  several  areas  will  be  examined 
including : 


Material  Cost  Reduction  Through  Biosynthesis 

f 

Bioproducts  as  chemical  intermediates 
-  Bioreactions  on  non-biological  molecules 


Materials  Not  Otherwise  Obtainable 


Bioproducts  for  direct  use 


Learning  the  Mechanism  of  a  Biophenomenon  (Biosynthesis)  and 
Mimic  the  Process  in  Non-Bioiogical  System 


Enzyme  mimics  and  models 
Biomimetic  synthesis 


What  is  Feasible  Today  -  Tomorrow 


CHART  1 


ENZYMES  FROM  PRIMARY  AND  SECONDARY  METABOLISM 
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The  Application  of  Hydrocarbon  Bioconversion 
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Introduction  to  Bio-Technical  Resources,  Inc. 

Bio-Technical  Resources,  Inc.  (BTR)  is  a  25  year  old, 
privately  held  biotechnology  company  with  its  origin  in  the 
malting  and  brewing  industries.  The  primary  business  has 
evolved  into  product  and  process  development  for  the 
fermentation,  pharmaceutical,  chemical,  and  food  industries. 
The  staff  consists  of  approximately  twenty  scientists  and 
engineers  in  the  fields  of  microbiology,  biochemistry,  and 
chemistry  working  to  develop  industrial  fermentation  systems 
and  biotechnical  processes. 

BTR  is  capable  of  conducting  a  research  program  from  the 
conception  of  an  idea  for  a  product  or  process  through 
scale-up  into  250-liter  bioreactors.  Preceeding  the 
initiation  of  any  research  program,  a  detailed  technical  and 
economic  feasibility  analysis  is  performed.  This  analysis 
identifies  technical  objectives,  estimates  time  required  to 
achieve  the  objectives,  and  estimates  the  economics  of 
existing  and  alternative  technologies. 

A  typical  research  program  may  include  all  or  some  of  the 
following  components:  1)  the  conception  of  an  idea  for  a 
product  or  process,  (2)  estimation  of  the  economic  and 
technical  feasibility  of  the  idea,  3)  identification  of 
technical  and  economic  objectives,  4)  establishment  of  a  work 
plan,  5)  development  of  analytical  methods,  6)  initial 
screening  of  microorganisms  or  rnsvme.q  for  a  specific  product 
or  process,  7)  strain  improvement  |e  increase  yields  and 
rates,  8)  ferment  at  ion  or.  other  biept cress  development,  and  9) 
scale-up  of  the  process  into  1-,  14-,  or  250-liter 

bioreactors . 


Research  Interests 


BTR  curiently  bar  ''  Search  int*M  .  s's  in  widely  diverse  areas: 

1.  Development  <- !  t  <>rnuMitat  if**)  iivrsL'S  for  specialty 
chemicals  from  carbohydrate--. 

2.  Pioneering  the  application  of  hetorotrophical ly-grown 
green  microalaae  as  industrial  microorganisms  to  produce 
specialty  ch'Mhcals. 

3.  Hydrocarbon  bioconversions. 

4.  Application  of  biological  processes  to  the  mining, 
metallurgical,  and  catalyst  industries. 

5.  Development  of  a  fermented  malt  (beer)  flavor. 

This  talk  will  highlight  BTR's  past  experience,  current 
research  programs,  and  future  expectations  in  the  area  of 
hydrocarbon  bioconversions. 

Hydrocarbon  Bioconversion  Experience 

BTR  has  been  involved  in  a  numbei  of  hydrocarbon  bioconversion 
research  programs.  Some  of  those  can  be  discussed  in  detail 
because  the  information  has  been  published  in  the  form  of 
patents.  Others  can  only  be  discussed  in  general  terms  due  to 
the  proprietary  nature  off  the  t  es<  n  oli. 

United  States  Patent  Number  3,77 <,(21  is  a  "Process  for  the 
Biological  Production  of  Alpha,  cn  ga-Alkanedioie  Acid."  This 
patent  describes  the  medium  composition,  the  culturing 
conditions  of  the  bacterium  used,  the  use  of  a  mixture  of 
branched  saturated  aliphatic  hydrocarbons  as  an  inducer,  the 
use  of  emulsifiers,  and  the  environmental  conditions  of  an 
aerobic  fermentation  process.  The  bacterium  developed  to 
perform  the  biocom vision  was  originally  assigned  to  the  genus 
Corynebacter ium ,  but  has  since  \'<  <  u  renamed  Rhodococcus . 
Mutants  developed  in  a  strain  improvement  program  by  a  series 
of  mutation  and  selection  steps  a  t  *  •  on  file  with  the  American 
Type  Culture  Collection  (ATCC).  These  strains  convert 
n-alkanes  of  IP  to  14  carbons,  typically  dodecane,  to  the 
corresponding  alpha,  omega-a 1 kaned ioic  acid,  typically 
dodocaned  i  o  i  e  acid,  v:  i  t  h  h  i  gh  yield';  and  conversions. 
Conversion  is.  defined  as  the  pci  cent  ago  amount  in  moles  ol  the 
n-alkane  consumed  during  fermentation  by  the  bacterium  without 
consideration  of  the  product  of  the  hioronversinn.  Yield  is 
defined  as  the  percentage  amount  in  moles  of  the  n-alkane 
converted  which  ends  up  as  alpha,  omega-a Ikanedioi c  acid. 
Yields  were  in  the  range  of  in'5  to  4  0".  Final  product 
concentrations  weae  in  the  range  •  ‘  1 0  to  45  g/ liter. 


The  biocheinica  1  p  at  hway  for  the  •  n ga-oxidat ion  of 

hydrocarbons  by  bacteria  consists  <  >  t  a  series  of  single-step 

oxidations.  The  process  begins  at  one  terminus  of  the 

n-alkane  with  oxidation  to  a  primary  alcohol,  then  to  an 

aldehyde,  and  finally  to  a  carboxylic  acid.  Then  the  same 

series  of  oxidations  proceed  at  tin-  other  terminus.  This. 

r  + 

multiple  step  bioconversion  requite;;  oxygen  and  NAD  .  Because 
of  the  multi-step  nature  of  this  hicronversion,  the  whole  cell 
approach  is  the  most  technically  feasible. 

A  typical  fermentation  process  development  program  like  the 
one  described  above  consists  of  four  phases:  1)  a  strain 
improvement  program,  2)  shake  flask  and  enzymologv  studies,  3) 
pilot  fermentation  studies,  and  4)  bioreactor  design.  Strain 
improvement  is  accomplished  by  developing  and  using 
mutation/ selection  methods  and  other  techniques  to  improve 
product  yield  and  formation  rate.  Shake  flask  and  enzymology 
studies  are  directed  toward  understanding  and  optimizing  the 
mechanism  of  product  formation  and  release.  The  pilot 
fermentation  program  is  conducted  to  optimize  product 
formation  in  higher-density  cultures,  and  to  determine  optimum 
process  conditions. 

Another  example  of  BTR's  experience  in  hydrocarbon 
bioconversion  was  a  fermentation  development  program  to 
convert  heptane  to  heptanoic  acid.  This  conversion  was 
performed  by  the  bacterium,  Pseudomonas  aeruginosa .  This 
program  presented  some  unique  challenges  because  of  the 
requirement  for  adequate  oxvgen  transfer  without  excessive 
evaporation  of  the  substrate,  heptane?. 

BTR  was  also  involved  in  a  fermentation  development  program 
for  the  bioconver  r.  ion  of  a  steroid.  a  microorganism  was  used 
to  specifically  hydroxylate  a  steroid. 

BTR  also  has  experience  in  the  men  of  enzymatic 
bioconversions.  B-Glucosidase  normally  catalyzes  the 
hydrolysis  of  aromatic  B-g lucos i des  and  cellobiose.  Under 
appropriate  conditions  in  the  presence  of  alcohols  it  will 
catalyze  the  syntlue  is  of  alkyl  r lucos i des .  This  research 
demonstrates  the  variety  of  techir  1  no i ca 1  approaches  that  can 
be  applied  to  enzymatic  conversions.  Bnzymatic  conversion  in 
nonaqueous  systems  can  be  utilized  to  reverse  hydrolytic 
reactions,  alter  substrate  spec i  f i *  ■  i ty ,  and  improve  enzyme 
stability.  Ktr/yim-s  'un  be  i  mmol  >  i  1  i  z<  d  t  o  enhance  performance 
and  stability.  Knzymo  stability  <\in  also  be  improved  by 
covalent  modification.  Piphasic  function  systems,  such  as 
aqueous/aqueous,  aqnoous/nonaqueous ,  and  reverse  micelles  in  a 
nonaqueous  system,  "an  be  used  to  take  advantage  of  the 
partition  coefficients  of  substrates,  products,  and  enzymes. 


BTR  is  presently  evaluating  the  technical  feasibility  of  "A 
Biological  Approach  to  the  Synthesis  of  Meta-Hydroxy 
Pheny lacety lene  from  Pheny lacety 1  one . "  This  research  is 
sponsored  by  the  Air  Force  through,  the  Defense  Small  Business 
Innovation  Researcli  Program. 

Acety lene-terminated  resins  are  one  of  several  candidate 
polymeric  resins  being  considered  for  potential  aerospace 
applications.  The  acetylene- terminated  resins  possess 
properties  required  for  the  proposed  applications  such  as  good 
mechanical  properties,  high  thermal  stability  and  good 
properties  retention  after  exposure  to  moisture.  A  limiting 
factor  for  the  commercial  application  of  these  resins  is  a 
cost-effective  method  for  the  synthesis  of  an  essential 
constituent,  meta-hydroxy  pheny lacety 1 ene .  Chemical 
approaches  to  the  synthesis  of  this  monomer  have  not  resulted 
in  an  inexpensive  product  of  acceptable  quality. 

The  BTR  reseach  program  proposes  a  biological  approach  to  the 
problem.  Two  possible  biological  loutes  exist.  One  is  an 
enzymatic  approach.  Commercially  available  enzymes  such  as 
horseradish  peroxidase  and  lactoperoxidase  will  be  screened 
for  the  ability  to  selectively  hvdroxylatc  pheny 1  acetyl ene  in 
the  meta  position  under  a  variety  of  conditions.  There  is 
precedence  in  the  literature  for  the  selective  enzymatic 
hydroxy lation  of  aromatic  compounds.  The  other  biological 
approach  is  a  microbial  fconversion.  A  variety  of 
microorganisms  vi 1 1  be  screened  for  the  ability  to  convert 
phenylacety lene  to  mota-hydroxy  phony lacety lene .  There  are 
numerous  examples  in  the  literature  of  microbial 
hydroxy lations  of  substituted  aromatic  compounds,  especially 
by  the  Pseudomonads .  The  objective  of  this  research  program 
is  to  evaluate  the  two  bioconver s i on  systems,  microbial  and 
enzymatic,  to  determine  which  warrants  further  development. 


Biotechnology-Assisted  Chemical  Synthesis 


The  following  sect  ion  summarize-  h'IR's  interests  in  the  area 
of  biotechnology-ass; isted  chemical  synthesis. 


The  technology  developed  by  the  our  rout  research  proqram  to 
evaluate  biological  routes  fot  t  !><■  mofa-hydroxy lation  of 
pheny  lacety  1  em  will  !>*•  applied  '  <  ■  "llicr  substrate's.  Tn 
general,  advantage  will  be  taken  't  t  lie  low  substrate 
specificity  of  some  enzymes  to  apt  >  v  technology  developed  for 
the  specific  bioconversion  of  a  specific  compound  to  the 
specific  bioconversion  of  a  g<>nr  >,,|  elans  of  compounds.  In 
this  case,  technology  developed  ‘or  the  mota-hydroxy 1  at  ion  of 
pheny  lacety  lene  will  be  evaluated  v;i  t  h  respect  to  the  specific 
hydroxy  lation  of  otlvr  aromafie  pounds . 


Through  its  exporicncc  with  heterot rophical ly-gr own  green 
microalgae,  BTR  has  learned  the  value  of  evaluating  unique 
gene  pools  for  products  or  processes  of  interest.  This  same 
philosophy  can  be  applied  to  hydrocarbon  bioconversions. 

Enzyme  or  whole  cell  systems  may  already  exist  for  some  of  the 
products  and  processes  of  interest  in  the  area  of  hydrocarbon 
bioconversions.  Through  screening  programs  and  basic 
biochemical  research,  these  products  and  processes  may  be 
identified . 

Bioconversion  systems  should  be  used  to  supplement  and  not 
compete  with  existing  efficient  organic  synthetic  methods. 
Biological  methods  should  be  used  when  they  afford  the 
opportunity  for  lowering  costs  of  starting  materials,  are  able 
to  shorten  a  synthetic  route,  or  aie  capable  of  reducing 
multiple  step  reactions  to  a  single,  more  economical  step. 

Enzymes  with  unique  catalytic  properties  may  find  application 
in  difficult  synthetic  reactions.  If  enantiomeric  specificity 
is  required,  an  enzymatic  system  may  provide  a  more  direct 
approach  than  an  organic  synthetic  method.  Bioconversion 
systems  may  also  find  application  in  situations  in  which  mild 
reaction  conditions  are  required  to  protect  reactive  groups  or 
labile  compounds.  Typically,  biological  systems  operate 
optimally  at  moderate  temperature,  pH  and  pressure.  Reactions 
at  unactivated  sites,  such  as  steroid  hydroxy  lati  ons ,  may  fie 
better  performed  biologically.  Nonaqueous  enzymology  may  be 
used  to  alter  substrate  specificity  or  catalyze  "reverse" 
enzymatic  reactions,  suefi  as  transesterifications. 

A  continuous  dialog  between  the  biotechnology  and  aerospace 
materials  communities  will  identify  areas  in  which 
biotechnology  might  provide  chemical  intermediates  or 
catalytic  processes  which  could  impact  aerospace  composites. 


THE  SYNTHESIS  OF  POLYPHENYLENE  FROM  A  C IS- DI HYDROCATECHOL 
BIOLOGICALLY  PRODUCED  MONOMER 
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ABSTRACT :  Benzene  is  oxidised  by  oxygen  utilising  the  dioxygenase 
enzyme  contained  in  the  microorganism  Pseudomonas  Putida.  Genetic 
manipulation  produced  a  variant  which  gave  exclusively  the  initial 
oxidation  product  of  benzene  the  ci s-d i hydrocatechol  (2)  in  practical 
quantities.  Derivatives  of  the  latter,  in  particular  the  methyl 
carbonate  can  be  obtained  pure  and  are  very  stable.  They  polymerise  in 
the  absence  of  solvent  with  radical  initiators  to  give  a  polymer  (JO . 
The  latter  is  soluble  in  solvents  such  us  acetone  and  methylene 
chloride  and  readily  forms  coherent  coatings  and  films.  On  heating 
methanol  and  C02  are  expelled  and  polyphenylene  is  formed  as  a  coating 
or  film.  The  aromat i sat  ion  process  is  catalysed  by  bases  and  can  occur 
well  below  the  glass  transition  temper' at ure  of  the  precursor  polymer 
of  192°C.  The  aromat i sat  ion  can  occur  under  homogeneous  conditions  in 
the  basic  solvent  N-methyl  pyrrolidono.  Surprisingly,  these  partially 
aromatised  molecules  are  soluble  even  at  conversion  to  30?  phenyl 
groups.  The  latter  studies  can  be  us"  !  1  measure  the  glass 
transition  of  polyphenylene  which  was  f<-und  to  bp  283°C. 

Neutron  Scattering  studies  have  shown  that  the  precursor  polymer  is  a 
random  coil.  Viscosity  measurements  Mi-at  there  is  a  coil-rod 

transition  on  aromat i sat i on  in  N-mcthyl  pyrroLidone.  Crystallographic 
data  on  polyphenylene  crystallised  a’*-  ■.•••  j  *  •  glass-trans  i  t  ion  and  the 
thermal  and  electrical  properties  ar>'  |s -bribed. 

INTRODUCTION 


The  majority  of  1  I  •  c  •  *r  p->!  vmcrs  cent-  ij'Onr  t  ho  aromatic  nucleus  are 
synthesised  usiru'  p  !.••■  nd'aisut  ion  i  jij.  Ex  amp  1  ■  -s  iu-'ludo 

poly  (ethylene  terephtha  1  ate )  (PET)  pol v' t craphthulamide)  (Kevlar)  ) 

po  1  y  ( pheny  1  ene  ether  sul  phone)  (PEJl  t  yi phony lone  ether  other  ketone 
(PEEK)  etc. 


NB 

INI  PLC,  Now  Sei«'nc<->  Gr.  ijpt  ypr.  H . ■ . . ’  1 1 ,  1 . •  'm,  nieshirc,  Enel  and 

*101  Biological  Predict.  Hu.---  i  ness ,  ,  Mill  inghum,  •'  M'voiand 


f*.!?*. g. .g,. n'-VTVw  »-.  >'  Tv. id.v'.c'.-.  vTVm  iK. 


An  advantage  f .>  thin  synthetic  '"  at-  j  •  that  molecular  fragments 
joining  the  aromatic  nuclei  can  !>*  -h  .■■••n  r-o  as  to  give  melt 
processability.  Th<'  di  --advantage  t  ■  t  h  j  -  method  of  synt  lies  i r,  in.  that 
the  molecular  Cr*.  i  •»»  •  r  joining  t  (i<*  •  1 1  v  I  groups  are  more  suscopt  i  b  1  e 

to  thermal  ,  ox  idol  i  v>  and  photo- -he"!  i  ••  i '  at  t  vk.  These  facts  have  been 
extensively  debated  over  the  last  twenty  years  and  form  part  of  the 
knowledge  built  up  on  the  relat  innrhi  ?  hot  ween  molecular  structure  and 
stability  in  do! y aromatic  materials.  The  expectation  is  that 

polyphenylene  would  !•••  the  most  . .  •  ’  !y  stable  structure  of  all  the 

linear  polyaroma t i os  and  consequently  various  attempts  have  been  made 
to  synthesise  this  material. 

One  route  to  polyphenylene  is  the  dj--.  a  polymerisation  of  benzene 
using  a  technique  developed  by  P  Kcvo  •>  c  and  others,  1  ,2  , 3 .  The 
process  is  known  as  an  oxidative  oat  i  nit'  polymerisation  and  requires 
large  quantities  of  cupric  chloride. 

The  precise  structure  of  the  polymer  produced  is  not  known  but 
contains  a  mixture  of  1:2  and  1 : h  units  plus  chemical  defects3.  The 
products  are  more  correctly  defined  as  oligomers  rather  than  polymers 
since  the  chain  lengths  are  between  10  and  15  phenyl ene  residues. 
Moreover,  it  is  difficult  to  remove  completely  all  the  CuCl2  from  what 
is  rather  an  intractable  solid.  Notwithstanding  these  criticisms  this 
is  a  successful  route  to  polyphenylene  and  powders  are  produced  which 
can  be  fabricated  by  sintering  techniques  into  various  shapes2. 

A  second  synthesis  of  polyphenylene  is  that  due  to  Yamamoto1*  in  which 
p-d i bromobentene  polymerises  in  tig-  pr... sourer,  of  magnesium 


using  a  nickel  catalyst.  This  is  one  of  the  few  examples  of  Grignard 
chemistry  being  used  directly  to  form  a  macromolecule.  Molecular 
weight  measurements  indicate  that  Ur*  gr'-wth  does  riot  go  beyond  10  to 
12  phenylene  residues.  This  is  because  bhe  polymer  separates  as  a 
crystalline  solid  and  further  polymerisation  to  higher  molecular 
weight  is  not  possible. 

An  early  attempt  to  use  polymers  of  oy  •*l'*hoxadien<?  as  a  route  to 
polyphenylene  war.  by  Marvel  and  <••••„;  s ,  b  , 7 , 8  and  involved  the 

direct  polymerisation  of  oyelohexa- 1  ,  •(-  i  i  me  using  a  Ziegler  catalyst . 
This  producer]  p<.  |  y ' '•V'-l..>hex',no)  *n  *  i :  m  i  nr  l  :  *1  and  1:  ’  unit  r. 


^  ^  Bu3AI/TiCI3> 


Aromat i sat  ion  of  polymer's  with  struot ure  1  was  attempted  by  reacting 
it  with  bromine  followed  by  pyrolysis  eliminate  HBr. 

The  purity  of  the  products  formed  by  this  method  is  highly  suspect  as 
there  are  a  number  of  bromo-subst i tut e-i  intermediates  that  might  be 
formed  and  aromatisat ion  would  be  incomplete.  Furthermore,  the  fact 
that  reactants  and  potential  products  are  both  insoluble  in  solvents 
makes  control  of  the  chemistry  difficult. 

An  additional  complication  is  having  HBr  as  the  leaving  group. 
Readdition  of  the  latter  to  unsaturatod  intermediates  formed  in  the 
reaction  is  possible.  It  is  doubtful  therefore  that  this  route  ever 
produced  "clean"  polyphenylene.  It  is  more  likely  that  the  structure 
consisted  of  small  numbers  of  the  fully  aromatised  molecules  admixed 
with  partially  aromatised  segments. 

This  paper  describes  the  synthesis  of 

b  ,  6-c is-di hydroxy cyiohexa-1  ,  3~di erm  (DHCD)  2_,  the  study  of  the 
polymerisation  of  its  derivatives  3_  and  the  conversion  of  the  polymers 
formed  *1  into  polyphenylene 


(2) 


2  3 


The  advantage  of  this  particular  diene  is  that  the  polymer  formed  is 
,  soluble  in  a  variety  of  solvents  because  of  the  presence  of  the 

!  solubi 1 i 1 ising  group  OR,  where  R  can  he  CH3C0,  CH30.C0  etc.  Moreover, 

on  aromat isat ion  the  leaving  group  ROM  is  an  organic  acid  which 
normally  cannot  add  to  an  unsaturated  hydrocarbon  in  the  manner  of 
HBr.  Finally  this  possibility  can  h«  completely  eliminated  by  using 
the  methylcarbonic  acid  which  at  aromat i sat  ion  temperatures  decomposes 
i  into  methanol  and  carbon  dioxide. 

Although  it  is  possible  to  produce  compounds  of  the  type  2  by 
!  conventional  organic  chemistry,  if  is  m-  re  economic  to  use  microbial 
oxidation  of  aromatic  hydrocarbons .  The  additional  advantage  to  this 
!  route  is  that  the  b,f<-  c  i  s-d  i  hydroxy  'yf  1 1  ■  he  xu  -  1  ,  ■i-d  i  one  formed  is  the 
i  only  isomer.  Moreover ,  derivatives  op  the  latter  are  polymerisable 
j  whereas  r> , b-traris-d i  :y  I •  -  xy-  eye] ehoya- i ,  l-di one  obtained  by 
j  conventional  synthetic  organic  eir-m  i  s' rv  p«->i  ymer  ir.es  with  difficulty. 


EXPERIMENTAL  SECTION 


Fermentation 

DHCD  was  produced  by  the  batch  fermentation  of  Pseudomonas  putida  in 
an  LKB  1601  fermenter  with  working  volume  of  3-4?,.  The  cells  were 
grown  in  a  mineral  salts  medium  with  ethanol  as  carbon  source. 
Temperature  was  maintained  at  30°C  and  pH  kept  constant  at  7.5  by 
automatic  addition  of  NaOH  or  HC1.  Penr.one  was  supplied  by  passing  the 

in-flowing  air  (1.2  5,  min-1)  through  a  . . .  bottom  flask  containing 

benzene  and  the  oxygen  tension  in  the  fermenter  was  maintained  at  5? 
saturation  by  regulation  of  the  relative  amounts  of  air  and  oxygen 
added  to  the  culture.  The  production  of  DHCD  was  monitored  by  the 
intensity  of  the  UV  absorbance  at  26 0  nm.  When  accumulation  reached 
the  maximum  level  the  culture  was  centrifuged  to  remove  cell  debris 
and  the  product  extracted  into  methylene  chloride  using  a  continuous 
counter  current  extraction  method.  The  methylene  chloride  solution  was 
then  concentrated  under  reduced  pressure  to  a  glycol  concentration  of 
0.25  to  0.30  g  ml-1  and  three  times  the  volume  of  n-pentane  slowly 
added  to  the  warm  solution.  The  DHCD  crystal  1 ised  out  and  was 
recovered  by  filtration.  After  washing  with  pentane  the  pure  product 
was  dried  and  stored  at  -40°C. 

Derivatisation 

The  derivatisation  of  DHCD  is  exemplified  by  the  synthesis  of  the 
diacetate,  DHCD-DA.  The  diol  (1.3  mol)  was  dissolved  in  pyridine  (4.2 
mol)  in  a  round  bottom  flask  and  cooled  to  -10°C.  Acetic  anhydride 
(4.0  mol)  was  then  added  droifwise  under  nitrogen  whilp  maintaining  the 
temperature  below  0°C.  After  addition  the  reaction  was  left  stirring 
at  0°C  for  one  hour  and  then  allowed  to  warm  to  room  temperature.  The 
product  was  concentrated  by  removing  pyridine  on  a  rotary  evaporator 
at  40°C  and  the  concentrate  added  to  diethyl  °ther  (800  mis)  in  a 
separating  funnel.  This  solution  was  then  washed  three  times  with  300 
ml  aliquots  of  10?  aqueous  sodium  biearbonafe  and  three  times  with 
similar  quantities  of  water.  After  drying  over  sodium  sulphate  the 
ether  was  removed  by  rotary  evaporation  to  yield  the  DHCD-DA  as  a 
slightly  yellow  liquid.  This  was  purified  by  fractional  vacuum 
distillation  at  70°C  (0.1  mm  Hg)  to  give  product  of  99.5?  purity  in 
80?  yield. 

Bulk  Polymerisation 

Pure  DHCD-DA  (15g,  76.5  mmol)  and  a  7.0b  i  sohutyronitri le  (53  mg,  0.32 
mmol)  AZHfl  initiator  w*-r**  plan'd  in  t  1  ■' 1  m  i  »•«  »iin>  i  bottom  f  I  .irk  mil 
degassed  by  pumping  followed  by  flu  -hi  nr  with  nitrogen  three  times. 

The  reaction  mixture  war.  then  heated  to  7!'0(’  and  a  1  lowed  to  pnl  ymeri  se 
for  72  hours.  The  resulting  solidified  reaction  mass  was  dissolved  in 
chloroform  (100  mis)  with  stirring  and  '5"  polymer  (12  g,  Bn?  yield) 
recovered  by  precipitation  into  hexane  M  litre).  The  molecular  weight 
of  the  polymer  was  determined  by  g"l  pern* -at i on  ehromat ogr aph v  (GPC) 
in  chloroform  solution  using  a  refract  i  index  detector  and  confirmed 


r)b 


by  low  angle  laser  light  seat  tori  ng ,  LA!,!,S,  using  a  Chrom.it  i  x  KMX  6 
instrument . 

Polymerisat  ion  Kinet  ies 

Most  of  the  kinetic  lata  was  obtain'*. i  for  bulk  p<->1  yineri  sat  ions  up  to 
10?  conversion  performed  in  di  1  atone'  er  tubes.  The  monomer  and 
initiator  were  simply  mixed,  degassed  and  poured  into  the  dilatometer 
under  nitrogen  atmosphere.  The  variations  of  rate  with  initiator 
concentration  and  temperature  were  obtained  in  this  way.  Monomer 
dependence  was  determined  by  d  i  1  at  om^t  ry  of  bens.eue  solutions  of  the 
monomer  using  exactly  the  same  experimental  procedure. 

Dispersion  Polymer*  i  s  it  i  ci 

Monomer  (  1  .  Og  DHCD-i'A  > ,  initiator  '  7  mr  A/BN)  and  d  i  spers.orner  (50  mg 
XI 90— 2h2  ,  a  comb  polymer  with  poly ( methv lmethao'*y late)  backbone  and 
poly  ( 1  2-hydroxystear  i  c  icid  ) /glyoi  dv  1  methacry!  it.  c  side  oiiains,  in  the 
ratio  2:1  supplied  by  ICI  Paints  Division,  Slough,  UK)  wer*e  placed  in 
a  50  ml  round  bottom  flask  and  degassed  three  times.  Heptane  (7  mis) 
was  then  added  and  the  mixture  stirred  under  nitrogen  at  80°C  in  a 
water  bath.  Polymerisation  was  continued  for  IJ8  hours  and  the  polymer 
recovered  by  filtration. 

Aromatisation 

The  aromatisation  of  the  polymers  of  DHCD  derivatives  in  the  solid 
state  was  studied  by  thermogravimetr j c  analysis  (TGA)  under  nitrogen 
or  in  vacuo  using  a  Perkin-Fflmer  TGS-?  instrument.  Sampler,  of  the 
polymer*  were  loaded  into  the  machiri  and  weight  !■■'"  monitored  as,  a 
function  of  temperature  at  a  fixed  heating  rate,  typically  10°C/min, 
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theoretically  caleu!  r  <•,)  r-.';u!  t ,  an  jmat.e  of  the  degree  of 
aromat  i  sat  ion  oecurr  i  rig  during  the  '■'.elution  pr<w.>r,r,  can  he  made. 

Crystal l i n i ty 

The  X-ray  di  ffruet,  i  •  pr">l  i  1  <*  of  cry-  t  illine  p-  •!  vpii-Tiy  1  *  m*  -  . '  1 1  >  >  w :  ■  t  hr«*#» 
characteristic  maxima  V  d  spacings  f  Jt .  b ,  3«y  and  j.2A  equivalent  to 
20  values  of  19. 9,  22.9  and  27.6°.  In  addition  there  is  normally  a 
characteristic  broad  diffraction  halo  peaking  at  around  2o  =  19°  from 
the  amorphous  polyphenylene  in  the  sample.  The  degree  of  crystal  1 i ni ty 
can  be  determined  bv  using  a  computer  program  to  perform  a  least 
squares  fit  of  four  I.orentzian  profiles  at  these  20  values  on  the 
observed  diffraction  pattern.  The  r  it  i  >  of  th»  run  of  the  areas  of  the 
three  crystalline  peaks  to  the  total  area  of  the  diffraction  pattern 
including  the  amorphous  halo  then  rives  the  desired  result. 

Glass  Transition  Temperature 

Samples  of  the  precursor  oolyiner  were  converted  to  intermediate  levels 
of  aromat  i  sat  i  on  by  heating  at  300°  C  under  nitrogen  for  varying 
periods.  The  extent  of  aromat i sat  ion  was  calculated  by  the  infra-red 
and  TGA  to  complete  aromat,  j  nation  methods  described  above.  The  glass 
transition  temperature  of  each  sample  was  then  determined  by 
differential  scanning  calorimetry  (DSC),  at  10°C/tnin  using  a  Perkin 
Elmer  System  7  instrument. 

Neutron  Scattering 

Measurements  were  made  i n  thtf  solid  state  on  proto/deutero  plaques 
prepared  by  solution  na-.t  ing.  The  relevant  components  were  solution 
blended  in  1,2-  dichloroethane  at  2t  w/v  concentration  and  the 
solution  was  reprecipitated  into  ten  times  its  vdume  of  methanol.  The 
polymer  blend  was  reclaimed  and  dri“d  in  vacuo  Pr  29  hours  at  60° C . 
This  blend  was  then  r»di ssolved  in  i ..’-dichloroethane  at  concentration 
of  30J  w/w  and  an  appropriate  amount  placed  into  a  moulding  frame  and 
the  solvent  removed  by  controlled  evaporation  a'  2B°C.  This  procedure 
produced  clear  void  free  plaques  32  mm  x  17  mm  >:  n.q  mm  thick  which 
were  used  in  the  experiments. 

All  samples  were  prepared  u'ing  the  same  matrix  polymer  ( H , *  )  in  which 

M, ,  =  3G3K  and  M, ,/M  --  2.n.  Th“  dent n-at,e.;  (D,  '  '-aui  valmit  tap 

mo!  ocu  1  o-\  were  p  r  •  p  -  i  r  • » •  1 1  hy  frt<>]  •■‘nul  *r  \< •*.  i  «ui.O  <  n  ''f  i  If  mint  inn  in 

acetone  at  30°C  us  i  r>--  methanol  as  n  u- solvent  of  pol  ymer  in  which  M  = 

81  2K  and  M,,/Mr,  -  2. 2 9. 
w  n 

Neutron  .".cattori  nr  i  *  •  ,i<v-  i  mi  s.am;  I  >  ■  >  u  *  lining  lol  t>y 

weight  of  the  pt  .<  »,  •>  g  t*i  - !  •-■o.|  i  <■>  t  but  -ample  «  r-  'tud  i  J  at  b%  tag 

loading  from  which  ♦  b«»  <->■ 'no'-nt  rat  ion  dependence  of  mole-nlar  weight, 
was  estimated.  Pet,  a  i  1  ;  •  f  the  samp' .  pr--  vi  i  n  Tat  ].■  pel  ij  in 

of  the  SANS  measur  em-  o  t  are  given  hv  Ballard  an  1  .''die  1  ton 1  "  and  other 
references  given  in  t  hi--  review  pu|  eg . 


Microbial  Oxidation  of  't-nione 


Although  m i cro-or ran i  nor  able  to  oxi  iise  benzene  were  known  in  the 
1  i  terat  ure 1  0  ,  1  1  beeause  their  sens  i  t  j  v  i  *  y  and  poor  rat  or.  of 
oxidation,  they  lacked  the  robust  no:':;  ti»-o<*.-.oary  for  large  scale 
manufacture  of  l.  From  a  manufacturing  site  contaminated  with 
hydrocarbons  over  many  decades  we  were  abl°  to  isolate  a  new  organism, 
Pseudomonos  put  i  da  1  7*>7.  This  organism  exhibitor)  a  high  rate  of 
benzene  oxidation  and  was  substantially  more  tolerant  of  high  benzene 
concentrations.  The  course  of  the  oxidation  within  the  bacterial  cell 
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Since  L)HCD  is  water  sol  uM  -*  it  diffuses,  out  :f  the  cell  into  the 
surrounding  aqueous  media  and  aocumu 1 af «s  th^mun.  The  organisms 
presently  available  wil'  tolerate  up  to  O.S?  liquid  benzene  in  water 
and  the  product  aocumul  itfs  to  the  extent,  of  tip  t„  pi  pM  without 
inhibit  ing  the  oxidation.  Yi°ld  on  benzene  is  nearly  U)')%  and  DHCD  is 
the  only  oxidation  produ *f .  'Joint*  thi  s  genetically  m-.)d  i  f  i  ed  organism 
a  process  has  been  doy.-. t  iped  fir  t  h"  kilogram  scale  product  ion  of 
DHCD.  The  organ  i  srn  i  "  us<-,|  r  a  ratal  yd  in  a  w<d !  mixei  aerated 
aqueous,  solution  to  which  benzene  arid  ethanol  are  added1  ?  ,  1  3 . 


Kt.lianol  is  oxidisi-d  ■  arbon  di"V>  by  -  I  her  i"i;:yni":;  in  the 
organism,  thereby  s  u;  q  lying  tb*>  •  •■  j.i  r“  1  by  enzyme  ^  to  drive 

the  oxidation  of  benzene.  At  the  end  of  the  process  PHCD  is  isolated 
by  extraction  with  net  hvl-me  'di  1  •*••  •  i  P. 

This  process  is  now  ■  a . .  in  1  litre  re  |.a  'rs  to  prnduec  PUCU 

and  subs t  i  tut. i'd  eis-d i  hvdrceat  erg-d  ■  •  •me  >f  w*  :  dt  are  u  n1  i:-, 

chemical  intermedia!  eg  fur-  f  j  no  'dp-mi .  t  mu(  •'  ure  . 


DHCD  dehydrates  at  t.  ®mp'  it  'ires  in  excess  of'  bp°c  to  give  phenol  and 
water.  This  aromat  i  it.  i  «r.  process  is  catalysed  by  strong  acids. 

In  basic  solutions  or  neutral  media  PHro  is  ijuite  stable  and  can  be 
stored  indefinitely  below  n°C .  Deri  vat  i  at  i"n  <>  f  the  latter  can  be 
carried  out  at  and  above  pH  7.4  without  the  formation  of  phenol  and 
the  predominant  reactions  are  base  catalysed  as  shown  in  equation  4, 
where  RX  can  be  an  acid  chloride,  anhydride  or  iodide  and  R  an  organic 
tertiary  base. 


The  alkylation  or  acylation  is  accomplished  in  pure  pyridine  or 
dimethy lsulphoxide.  If  phosgene  is  the  acid  chloride  a  cyclic 
carbonate  is  the  product.  In  table  1  is  summarised  the  properties  of 
these  derivatives. 

Polymerisation  of  DHCD  Derivatives  usir  ;  Radical  Initiators 

Initial  experiments  on  the  polymer  i  sat  ion  of  I'lR’R  and  its  derivatives 
were  unsuccessful  because  of  contamination  by  small  amounts  of 
impurities,  including  traces  of  phenol.  Moreover  it  was  found  that  the 
initiating  radicals  f  ir  i  i  i  t  ate  1  t.  h<-  f  mm  at  i  hi  of  phenol,  wtiich 
inhibits  polymerisation,  when  pur®  l>Hrb  was.  used.  On  the  other  hand , 
most  of  the  acyl  Jcriva*  i  ves  could  <•  polymerised  using  radical 
initiator’s  either  as  tile  pure  compound  >>r  dispersed  in  an  organic 
solvent  in  which  i  t  i  u  t  od  a*>l  ■> . 


Studies  of  the  Horn*  p-  >1  ym***' 5  sat  ion  of  DIT'P 
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those  experiment''-,  wn<  [m]^  and  [  I 
i  ni  t  i  a  tor  concent  rat  ions  respect  i  v.-> ! 


u*'e  the  initial  monomer  and 


RP=  -dtML  =  k[M)0^lH0 

dt 


The  v ■  1 1 1 1“:'  of  th*>  ’>:• » 1  <  •  •  i!  ft'  w-'i  gh>  -  1  *  h*  p-'l  ym**rs  obtain*”!  at  t  here 

low  conversion:;-  ■•’.■■'irer  rel  i'  :  u:shi  p  between  t.he  r*‘c  i  pe  i  ca  1  of 

DPn  ami  the  square  ro<.'t  ■>f  trie  ini  t  i  at. or  concentration.  This  is  shown 
in  figure  b  and  i  a  ,*  >•!•••*•  a  l  feature  e  tie-  po ! ymer i sat i on  of  vinyl 
monomers  such  as  styrene  uid  methyl met  hac'y  1  ate . 


ow  conversions 


The  molecular  w*'jignt.  ,-f  *  tie  p-  l  ymer  1  ;  set!.-;  i  t  i  ve  to  the  concentration 
of  monomer  and  the  presence  of  an  ar  mat  i  c  solvent  reduces  it 
markedly.  High  molee;jt  m  weights  ran  eily  he  obtained  in  ttie  absence 
of  solvent.  Also,  the  reaction  temp* mature  is  a  parameter  to  which  the 
molecular  weight  is  even  more  sensitive  and  there  is  a  reduction  by  a 
factor  of  ‘3  to  10  in  m  locular  weight  if  the  polymerisation  is  carried 
out  at  90° Cl  compared  to  6u°C. 


Measurements  of  molecular  weight  in  the  course  of  rate  measurements 
also  revealed  that  t  h**re  was  i  lin*  <r  relationship  between  rate  of 


polymerisation  and  the  reciprocal  of  Uie  number  average  degree  of 
polymerisation.  From  this  information  we  derive  values  of  kp/kt^  for 
the  acetate  and  methyl  carbonate  derivatives.  A  comparison  between 


these  value.-)  with  tho.-..>  obtained  f- .-r  styrene  and  methylmethacrylate1 
is  shown  in  table  <?. 


i  *'4 

The  plot  of  1 /DPn  vs  Hp  and  1/DPn  vs  leaf,  have  positive  intercepts. 
This  suggest.;  there  p-  t  s, i  gn i  f i can'  t  r.trtsrer  of  activit  y  from  the 
propagating  chain  to  m  'n--m*'r.  Thi  vi**w  is.  supported  by  equation  3 
which  shows  an  unusually  high  *.>r*j**r  with  respect  to  monomer 
concentration . 


The  effect  of  temperature  on  pol/m . .  -ati  u  rate  is  summarised  in 

f i P'ire  7.  The  energy  *f  aetivati  '>*>  f-ri  v-  i  f'r  un  the  slope  is  16.9 
Kea 1 s /mol e . 


It  w  a -■  also  found  t  h  P  *  h<>  pel  !  •  P  i  o  o  H  i  marked  pressure 

coefficient,  and  t,h  P  *  **••  rat.*'  P  -  ■  a*  m*  -spheres  was  3  to  7  times, 
greater  than  experiment  ••  cotxi'fte-i  a  a*  m  pit  •  ■  r-  i  e  pressures.  Also  as 
shown  in  '.ah!"  **■  ’  ■  •  •••  •  >  -  -„■•  • :  gut  •  ■  n  •  i  sn  i  <’  i  *  ■  a  tit  I  v  h  i  r  n-  r  . 


The  'Jeuterat"d  a  *  i  a  ;  i  -  ■  T  I'M  "It  t; 
henr.ene  in  the  [T.  ( ;  . ,  x :  I  r  *  on 

sequence  of  *"*-a'fi  ns  whi'di  f  * 1  I  •  ■  w 
mark*”!  kin*-ti  :  .  A  •  ei”  * 

and  prof '  mat  *>-)  a*'.--*  it"  •'  ai  ;m*  ”  •  in  ; 
-I**  term  i  n**  t  h*>  i  n  i  ’  i  1 1  *  > ‘  •-  -f  t  ! 


•••-  !  !  i  1  ,*  !;t  titled  by  replacing 

• !■  •ivnr.ette  ( 1 ' f, i ; K  i  .  The 

•  •  i  !•■•:*■  i  ■■  al  ,  except  t  tn»'o  is-  a 
’"•tween  the  deut'-rated 
•-...-;  -at  i or, .  For  t  his,  purpose  we 
i  i '  i  * i  it,  t  he  pure  m*  n.  rnier 


containing  one  per  cent  of  in  ini l  i at <  r  and  *  he  molecular  weight  of 
the  polymer'  produced.  The  result;',  drained  ire  given  in  tunic  lJ . 

Tiie  most  important  effect  of  deuter  it  ion  was  to  produce  a  marked 
increase  in  molecular  w-ight  of  the  polymer  produced .  This  is  well 
known  iri  radical  pel  vi""” :  sat  ion  of  vinyl  »meii"r:i  and  is  du>*  to  t  it<- 
retardat  ion  of  the  id":  !  eeular  termi  u  d  ton  iction  and  possibly  to 
differences  in  the  rate  f  allylic  | "  a  *n  jr  deuteron  abstraction  from 
monomer  leading  to  (l.-o-  >  i  itive  eha  >  n  t  r  iris . 


Polymerisation  in  organic  diluents,  i 
iias  been  achieved  using  dispersing  ae 
polymethyl-methacrylate  backbone  witn 
1 2-hydroxyatear ic  aci d .  Powders  ■!'  t 
acetate,  benzoate,  aril  methyl  carbon  i 
polymer’  consists  of  rpir-rical  par*.  •  •! 
distribution  of  parti  ?’*-'  sizes  which 
PO-iTOO  pm.  Although  t’.l  •  n*-*  deriva*  iv 
using  dispersion  techni  aues  the  b*'r«:-  > 
particularly  high  rates  and  give  i  y 
to  one  million.  A  preliminary  look  at 
polymerisation  has  been  carried  out  w 
conversion : 


*1  which  the  polymer  is  insoluble, 
er.ts.  The  latter  consists  of  a 
side  chain  derived  from 
•!*  p  ’  ym°rs  derived  from  L>HC  L> 

I*1  have  been  obtained.  The 
o-  with  a  reasonable  narrow 
■•'an  be  controlled  in  the  range 
*■"  of  I'lli’P  can  be  [»>  1  yrner  i  sed 
ite  and  methyl  carbonate  do  so  at 
■tiers  with  molecular  weights  of  up 
the  kinetics  of  the 
hi  eh  shows  that  at  low 


I '  d'-’  :■ 


where  ([]  is  the  concentr  at  ifm  of  th*-  radii’  i!  generator 
azo-bi  a-  isobutyro-  n  i ».  »•  i  !  o .  "-ini  r  !y,  dirp-rsity  is  less  ttian  two  at 
low  conversions,  with  a  narmal  growth  mechanism  for  the 
macromolecule . 


Confirmation  and  Struct  are  ?!'  Poly ' ! d  L -TM  ' )  in  the  Solid  State 

The  availability  of  t‘o  fully  deut*-o'  c-i  -  (.*<■*  c  i  nr,  make  conformational 
st.  ud  i  es  in  ?’.*•>  1  ■  j  *  i  ■  r :  r-  *  --I  *  h"  r.  M  i  hie.  Th"  u-.**  ?f  srn.al  ! 

angle  neutron  scatt‘,ri  ng  'dA’T'.l  t  ■  ire  Mw,  and  the  riiius  of 

gyration  (Rw)  bv  *  ik  i  ’is  livin',  ag*  '  ■  r*-  :i,,"r'ing  it  f  "ring  l"ngths 

of  tit"  proton  uid  d**  i'  -*r’  >n  i  :■  we  1  1  ■  •'  a‘  !;  ■hed* .  These  experiment:’, 
were  carried  out  in  it  i  -n  *  d  f*r  Manfred  Stamm  and  will  b" 

reported  in  detai’  in  *  later’  pub!  ioa*  i'Hi. 


Void  free  pi  i  1 1  j  o -  -  ■  i  "  x  r*  >■'  ii’i"d  of  m  :<t  ur.-s  ->f 

!’ e  1  y  '  i  rf  : ' of'  1  *••  .»:*  ml  ’  ;  '  1  1  ■■  ‘  i  '  1  y  d«>ul  or  i*  •  •  i  cm  '  -  -r '  ;•  - . 

All  r.ampl  "s  w«-r"  •■■■•!  -i  •  i  rig  '  h-  •••  "  d  •••'  :<  p>>!  yrner  '!;l,  '  in  wtiicti 

Mw  -  ’'■/*, 'i'.'  i n d  "•  .*.  ]'n<  •  ■■  pi.'i  pepur.  :  bv 

fractionation  o  f  a  p-  •'  ,•■■••••  jn  wo  j  •••  >  *,j  •  i  illy  Mw  -  MC.n'o  ml  Mw  Mil  - 

.  k  A  .  Fr'a'd  i  '  r|,|*  i  u  :  .  •  1  ;  -I,-  •••  i  X*  'IP**  •  of  i  I  •  *  *  t  •  f  l  <  ■  I’ll 

methanol  at  to°r .  Th*-  :  c  >  •  -h*  >  i  »••*■■  ;  -  **;  •,•*••!  in  table  0.  M  j  l  ar 

W"  i  ght. •  of  t  i|.  ■  i'r  a  -  a  ;  n  W'*r**  ”)•'*  •  !  *  ■.*•••  1  i  eht  •  t*  •  •  •••  i  tie 
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The  polymers  of  I'HTb 
fibres  or  films  !  n  *  r. 
followed  usin>’  t.hor*r 
H 1  NMH  .  Typical  r-  ; ! 


iv  itive  j  •  r:  :•  ir  rv  iced  by  heat  in*'  as 
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v i r.«?f r  i  c  :  •**. ,  i  nfr  a-rod  spectroscopy  r 

*,h  >wn  :  •.  :  :.••••  1  mi  i  b. 


The  principal  re  a  a,  j. 
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example;  riven  jo  y : 
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For  pr  act  i  ca  1  re  . ri 
di methy Icar Ijon-at'* .  Ti 
acid,  which  d<--ccr;* 
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•in.t  formed. 
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['he  methyl  carbon  i*?  aol  1  it.!  methyl  t  hi  sc  arf  nio  acid  derivatives  of 


DIK'D  differ  I  rom  *  he  -  •  mj  '  e  ?arbex,*i  i  •  ioids  in  that  the  nromat  i  sat  i  on 
can  be  catalysed  by  str  -nr  tertiary  nitrogen  bases  and  metal  salts. 
Figure  11  is  typical  K'  t  •  >-  effect  mi  sh  -ws  that  potassium  bromide 
catalyses  the  nromat  i  snM  m  and  thereby  relucts  the  temperature  at, 
which  the  prop.*:i,i  ■  '!•>■■  i  *  .  Aiditi  *i  it  i  nf'-rm  i*  ion  is  given  in  table  H, 

which  shows  that  ri-oet, famine  is  far  more  effective  in  this  role  than 
metal  salts.  The  role  .  >r  trie  base’  j  --atalysing  the  arom  at  i  sat  i  on  of 
the  methyl  carbon  ate  derivatives  is  at  present  not  understood. 

N-methyl  pyrol  1  idone  i  i  rood  sml  v»'*.t  for  poly  ( DHCD-DMC  )  and  also 
catalyses  the  -aromatic,  r  i  :>n.  Surpr  :  i  n  .•  1  y  the  partially  arematised 
polymer  is  soluble  in  *  •sir*  solvent  n  *  ■  mole  percent  arom -at  i  sed . 

At  degrees  nf  irac  it  i  •  o  i  -r  ;e:;r.  *  h  •*  •  r.  i  th*-  p>lymer  can  b*  i  so!  at  ed 
and  lissol v»»*i  in  s**l  ve*-e  :  su  -h  as  by!  chloride,  chloroform  etc. 

I  n  figure  lb  i  -mown  \  *  y pi  cal  if;  •**  i.-n  curve.  This  shews,  that 
t  he  ir-imat  i  s.af  i  >n  pr  -  ■  i  .ant-x-.it  i '  v  *  I  ■  in  this  r-  Mvent.  In  other 

w  •r-ls.  the  par*  i  a  i  '  y  r  -  i*  r  ••**•!  ;  *  *-ms  ■■>■'■!  oh*  •  x-.-n*-  res.  i  -Ju<*:; 

m-re  readi  1  i  inf-'  -  h<  r  v l*-rm  i*r*'Upr .  T*s :  -•  •  icvsts  t  hat  the  presence  of 
pht-nylene  m  i  1u** i  :  •  •  n*  *.  ’  !:•  .'I  •  .*  --i*  residue-,  fcilitat.es. 


•  rids  in  that  the  arom  at.  i  sat  ion 
’og--n  bases  and  metal  salts. 

■  h  -ws  that  potassium  bromide 
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A r  **  i *  [  -i  if  :  n  in 
t  h  it  with  t  . . . 


i  ’ 


we  '  ■ :  " e * '  y*> 


••PI  r  *xi  mate  *•■  >mpor.  i ».  i*-n  if  t 
. 1  p*-reent  of  ph'-ny  1  "ii" 

■s'-  r-  - :  lues  i nee  Kxperi mental 
;<  ••  j  i-  h  i  ch*>r  temperature  of 


.  r.,’*  :  melee  j!  *.r  w*->;  rht.  *  o  be 

!  •  ...j  .*  *  i  i  i  eyp...-  fed 

f  i*  *  it' oma t  i  s af  i  ■  -n  t  here 
■  ■  . ••  w  ■  • ;  .'nt  s  '  t  hi*  wh*  n  t  n*' 

r  d  *f  i  *  s  i  n.  i  '  i  1 1  value.  In  fact 

.  ...  *  >•••  -mat  i  -.at  i  n  f  -!  lowed  bv 


length  is  very  long.  in*  data  in  tiM"  K  in  wh  i  ch  the  molecular 
weights  are  obtained  !•/  comparison  with  standard  polystyrene  molecular 
weights  cannot  be  corr*-"t  because  as  the  number  of  phenyl ene  residues 
in  the  polymer  increases  there  is  a  progressive  increase  in 
hydrodynamic  volume.  This  can  be  demons*  ry od  by  comparing  the 
intrinsic  viscosiMes  ■•!'  polymers  with  different  degrees  of 
aromat i sat  ion  as  shows  in  figure  1/. 

It  is  known  that  the  viscosity  of  a  solution  of  a  macromolecule  is 
predomi nan*  ly  depend* -nt  •  n  the  si.v*  f  t ^ j * ■  m  )!ocul*=*,  e x pres d  as  t. he 
root-mean  square  rad: us  ,f  gyration  (S2'^  and  not  on  the  nature  of  the 
polymer15.  This  def ini  * :  n  leads  to  the  expression: 


.  k  3 
I  *  •  Of 


where  f  is  a  constant ,  *•':  is  the  m*  ’.*•••  liar  w»:  rht  and  a  is  a  paramet. cr 
expr**;U5  i  ng  d'd'orm  d  i  ■"  ■  t  h<>  rn  ■  •  *  i !  i  *  - 1 1  ,ri<  ■  r  i  ■  i  ■  ri  owing  1  1  t.h»>  polymer 
solvent  interaction.  I*  is  evident  i rom  (  11  that  at  a  constant 
molecular  weight.,  [n!  :  ;  markedly  dependent  on  the  volume  of  the 
molecule  Ve,  given  by: 


Ve  =  47 T 


(s  2)y3 


The  aromat  i.  si  t  i  on  pro-'*'  is  aecompan  i  c  i  by  a  transition  from  a  random 


fail  t  <•  a  n!  i  gar  it  *  >•  i  -*h  '<•(,•> 

rigid  rods  •■<.*[  ar  afed  by  flexible 
As  the  aromat.  i  sod  fra*-*  i  ,-n  j  ncrcas* 
the  average  length  of  *  Ik*  roti-1  i  k« 
Ini  s  is  sh'wn  "!*i’r!  y  :  >>  !'  i  cur**  1  •. 
remains  constant  for  the  first 

vfii  .*  \  *  i  j r. 

►  his  r>r"  i i  t-  •  of  r: y  i1' 

;-.>ncludcd  try  t  r.  j  •  i  •;  -r'as"  resul  * 
i ncreas®  in  the  r  t  i i us  T  wratior. 
%hui  *1  :'.eg'!,.»nt.  bee-  -mi  ns  st  r  :  i  ghl  v 


1  >!'  *.  rand'  >m  trrai'gffi'Tit.  of 

’*. i  sis  sf  unaromatised  molecules. 

' h* •  flexible  units  decline  and 
ivbhcnylene  sections  i n creases . 
wh‘  :••*  tiie  intrinsic  viscosity 
''  f-  n  vers  ion  to  phenyl  ene  units, 
i'.'-’insic  viscosity  occurs.  Since 
:  vn  i  ■  ■  vo  1  une  ,  i  t  must  be 
,  y  1  •'  c;  t  ;  n  ;  a*'*  ,  !'r  in  an 

i;,p  molecule  as  a  consequence  of 
• n*  phenyl ene  units  ar«  formed.  It 


is  ilcu  pens  i  b  1  (*  t  ha*  i  •.•'•>ci  at.  i  "n  •*'  individual  chains,  through  their 
-j...  m  t*  i  "n-nd  ■  •  .  *i  -n  *nt**r  ,  •  •  ’  '  -'-m  larger  nggi  mi*  t  at  os , 

•  ii  t  r  l  but  ns  t  ■■  t  ■■  j  *i '  m  ■  ;  a  v  i  s  <  ’O  i  t  y  . 

■  '1  !d  .■•tat."  i'r  pe*  •  ‘  ?’  - 1  y ,  . .  •  ’• 


P  '  r  . 


i  *  ■  j  o ;:<•»  r  j  \'n  j 


a  v  a  i  1  a  b  1  e 


is  percent  crv't  >:  by  r ■< 'ii»  r 

crystallinities,  of  percent  '"in 

Tiie  absence  of  eel  our  suggests  that, 
table  11  is  riven  r  m.<  p»-  i  nei  pie  X-r  t 
polymer  pew  It  whose  erv  o  al  l  i ni *  y  w 
have  been  compared  wi*h  t  hose  rep- 
para-  linked  ol  i  r-iphen  Us.  The  most 
Mas  1  en  and  <' !  ws  1  fc  or  ;  - *-  ^rpheny  1  in 
supplemented  by  n<rjto’  n  diffract  i  >n 
hydrogen  atoms. 

Aromat  i  sat  i  on  of  *  he  :  ursor  m-  ’.**  • 

temperature  '  1  ?*»"•*  1  ;  pro  1  "'i 

powder  or  coatin'*.  -pent !  y  am:- 

tis'  development  f  :  •  iliinity 
tiie  results  shown  in  r:.-ure  i  Jia.  Af 
no  reeogni  sable  iTp  i  •  in  crystii 
is  a  step-change  in  *  level  of  or 
temperat  urma  above  tor  i  after  pr- 
crystallinity.  If  the  pr- -cursor  m  *  1 
transition  temper  at ue*  *  ;,->r.  the  cry 
obtainable  on  subsequent  annealing 
appear  that  tiie  ervsta  i  1  i  tes  forme, 
impede  the  reorgani sa*  om  of  the  nr; 
possible  cr  y.;t  a  1  !  i  ri  i  t  <  ■  not  avhi* 

These  crystallite,;,  are  absent  from 
aromat  i  sat  i  on  be  1  -yw  ’h'0''.  rfr  p3  n\ 
crystallinity  in  figur---  i -’i  a  is  ass: 
mobility  and  determine  •  therefore  f 
28b°C  for  amorphous  polyphenylene. 


•  ■  !  "i at  :  s  at  ion  i  s  v- -  i  do  -  , 
i"  d  f a i ned . 

t.ho  s*  rueture  is  not  c  iplanar.  In 
v  f-f  1  eet  ;  oris  -tit.  a  i  re  d  n  a 
is  (pi  r, -xi  mat.^i  y  t>(  >  percent.  Th<  se 
•  I  '  o  *  iv’  I  i  ter  at  ur-i'  for 
"a  !.-,*  o  -t-tdy  is  , j ue  to  Rietweld, 
wl;  i  •'c  X-ray  iiffraC  i-'-n  was 
f <■  i  b-ntify  the  posit  ions  ■.<{'  t  te¬ 
ll  ■■  lie-low  i*s  g]  ass- f  cans  i  t  i  on 
e  ••  ’  '  a-.  rphous  p  >  1  y ph'-tiy  1  eno 

i '  inr  this  powder  arid  following 
!  i  '  •  *  -n t  t.e;nperat  ur.  ■  produce.'; 
temper at ures  below  l?uo°c  there  is 
i  n  :  r  v  .  At  this  tempter, at  urn  there 
f  i '  Unity.  Anne  a  ling  at 
•  i  v-ry  high  level  of 
‘■••-u'.e  is  aromat  ised  above  its  glass 
s‘.  i!  Unity  of  the  polymers 
are  ahown  in  figure  l^h.  It  would 
tiring  t  he  aromat  i  sat  i  on  process 
-■r-'ir.  i ,.-n i  os  so  that  the  maximum 


the  polymer  produced  by 
\  i>-iit  that  the  onset  of 
oi  at  ..d  with  the  increase  in  chain 
he  o  1  a:*;:- trans i t i on  temperature  as 


In  figure  1b  is  sh'-wri  t  >r-  var  i  af  i  •  -*i  in  *  h"  g  1  ars- trans i t ion 

temperature  ■  ,r  gpr.  ir  >i .  ..  ■  •  g  t  he  extent  of 

aroma  t  i  sat  i  on .  If  sh  -w  •  in  increase  :  o  ’ -*  from  the  flexible  precursor 

n"l  c->ul>*  w  i  t  r:  ir:  r-  -  ■  •igidi'v . .  -u  I  •*  i  ••  ■  pic-ny1 

groups  are  formed .  I-.-  -u-y»  !  i  n  >  1  ’  /  »:  :  >•  i  •ri'-r  t  fi«  •  Ig  if  pure 
amorpnc  us  p  yph<  n  v  ’  r-ympt  *  ;  ••  • '  ■■  -p“  -  f  the  .sieve 

s-  iggcs.fr,  that  t  he  emuor  i>'.-  formed  initially  < up  to  3u% ) 

in  flocks  m!  are  *  •  -n  1  m  1  v  i  i  •  ‘  •  : 1  U  U  no  t  he  eh  a  i  n .  In  t  he 

1  -att  «*•»  -M's'  t  fie  To  w  :’i  ;  ncre  as-  • . r  ipi  il  y  witti  t  tv  degree  of 

aromat  i  sat.  i  ■: . 

The  |  ■  i  i • ,  ■  '  '  .  •  |  •■■tent 

r  <■  I *  -  t  r ,  -  • . .  .  '  ■  •  i  •  t: '  1  ‘  •  •  c  i’  '  t'  i  <•*  .  It 

is  a  !  van*. a  t  i  *  i  an  i’ie*-t  i*  m-v  pi  :■  -r* 

c-  -rn ; g  •  - •  i  no  1  ...  ; .  •  .  - t *  :  o  • 1  •  ‘  i r  :  *’ :  na  ’  ’  v  1 1  ■  '  ' 1 '  t 

-emove  t  he  ir  i  M"  i*  h.  '  uH  I  ;  o  ••  ••  .  I  >  ■'  i  ogi*4.-  1  •  i  *  i  •  'o  wn  t  fiat 
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such  coat  i  ngs  ••in  :  a  l  temper  d  .ir<>  cl  ere  to  1JOO°C  and  in  the 

absence  of  oxygen  «ven  it.  temper  at  u*’o  •  f  ‘,00  °C  although  there  in  a 
significant  weight  !  •  •  initially,  prei  ■  *  t  ■  1  y  due  to  loss  of'  higher 
?1 igomers.  The  films  remain  coherent,  are  not  carbonised  and  still 
retain  their’  good  •*  l  •■'d  r  i  cal  insulation  character  i  st  ics  .  Total  thermal 
breakdown  only  oo-urs  d  a  significant  r  it.e  at  600  to  800°C.  At  those 
temperatures. ,  in  an  In-ad  atmosph'-r-  ,  ,  !  i  g  .pir-ny  1  s  are  produced  of 
general  composition  H- (CfcH..  )-H  where  n  =  3  to  11.  No  benzene  or  diphenyl 
is  produced.  The  reason  for  the  absence  of  the  latter  is  not  clear. 

The  oxidative  stability  in  air  is  superior  to  most  other  aromatic 
polymers  and  coatings  can  withstand  y  emper.atur»s  of  3b0°C  for  short 
periods  without  significant  breakdown.  The  behaviour  at  380°C  in  air 
is  compared  in  figure  1b  with  that  in  pure  nitrogen. 

Polyphenylene  coatings  previously  da. -or i bed  have  electrical 
conductivities  of  10_1 4  to  10_*  5  ohms'1  cm-1  and  in  this  condition  are 
very  good  electrical  insulators.  They  have  the  added  advard  age  of 
being  free  of  inorgarii  -  '.-out  ami  nan-  . 

In  table  1 2  is  given  examples  of  tim  et  feet.  3f  n  and  p  type  dopants  on 
the  electrical  conductivity.  The  polyphenylene  films  are  pa  1 <*  ye  1 1 ow 
in  colour  but  on  treatment  with  sodium  naphtha! ide  they  b-o  me  black 
and  their  conductivity  markedly  inore  i~-~-  to  give  a  s-’m  i  -  ^  nauct,  -,r  . 
This  behaviour  is  repeated  with  the  -t  r-  -ns  electron  accept  sir-h  as 

ferric  chloride  ini  a-  -<'n  j  o  pen'  a!'1  ;  •>  j  :■  .  TP . >at  ium;  •  o  : 

also  as  an  organic  ?  lthode  in  an  e !....»  f-  -iiemical  cell  in  wni  oh  lithium 
tri  f  luormethyl  sulphate  is  the  e  i  :  . 

me  *  i  ',.ii„)n  *  ml,  i  *  *  .  niL  i  ,111 

In  their  electrical  behaviour  the  his:,  ••'•'•locular  weight  polyphenylene 
films  prepared  :>•'  fir  >.;•!•  r'ent  1  v  i  i  •'*<•-.  '  •’  •  t  1  e  f  con:  tie-  o  1  iT. merle 

polyphenylene:-;  pre v i on  - 1 y  reported  in  *:.■■>  literature7 . 

riXAF.T  has  proved  to  be  a  unique  tool  in  providing  structural 
information  t  -  he !.  :>  un  i- ••'stand  the  ,nj  ;im  of  conductivity  and 

stability  of  doped  pc’.  ypnenylene.  F.t  Fed. ! ,  doping  under  anhydrous 
eondi  t  i  onr. ,  it  has  *•••>• -g  -h  ->wn  tin’-  r;e  is  bound  in  a  t  etraherlral  1  y 
c<  '-ord  i  nut'  •  1  !■  o!  I  [  I  )(’!.,  with  an  K  •■•-.• •  d*  •'  moo  of  I'-tfi.  This  is  quite 
different  from  Fedl,  ( -olid)  which  is  octahedral  with  an  Fe-Cl 
cl  i  stance  of  <: .  . 

A  subsequent  paper  wi  !  1  describe  tlie-o  ts  in  more  detail  and  give 

i  nf  or  mat  i '  n  ..f  tty  a  -f  <•.->[».;  -,•••.•  ri  d  ion  on  the  elect.rie.il 

conduct  i  vi  t  v  . 
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CONCLUSIONS 

The  method  described  for  producing:  p-  -  I  y  phony  lone  is  being  used  in  the 
study  of : 

(1)  polymeric  electrodes  which  combine  ionic  and  electron 
conduct  ion 

(2)  alignment  layers  for  liquid  crystal  display  systems 

(3)  production  of  carbon  structures 

( *0  protective  coating  for  thermally  stable  polymers  in  chemically 

aggress i ve  environments 

(5)  catalysts  are  being  developed  which  will  enable  a 
predominantly  linear  polymer  to  be  prepared 
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CAPTIONS  TO  FIGURES  f 

Figure  1 . 

Conversion  time  curves  for  the  polymer  i  ■a*,  i  on  of  various  cl  s  glycol 
derivatives  using  benzoyl  peroxide  i*  initiator,  DHCD-DA; 

DHCD-DB;  DHCD-DiiC  ;  Temperature  jU°C  L  M  J 0 / [  I  ] Q  =  156 

figure  2. 

The  degree  of  pel ymep i  -at i on  as  a  r 1 1 •  ■  ■  •  *  i on  of  con vers t on .  Conditions 
of  polymerisation  as  lor  figure  1,  PIICL'-DB;  DHCD-DA. 

F i gure  3  • 

The  dispersity  as  a  function  of  conversion.  Conditions  of 


/merisation  as  for  figure  1, 

DHCD-DB; 

DHCD- 

DA. 

•  •  '  ;  :  -r  i  s.  it  i  on  c  if 

PH'P-PA  as. 

a  f Uriel 

ion  < 

>f  monomer 

•  •  o  •,  <•  <■  us.  i  rig  ben/.oy  1 

per'  j  :<  i  de  , 

UJ0  = 

6.68 

ml-K litre,  in 

i 


'■  A  as  a  function  of  catalyst 
■:  i  ie,  [  M  J  fJ  -  6. 37  M/ litre. 
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Figure  6. 

Relationship  between  number  average  degree  of  polymerisation  (DP)  and 
catalyst  concentration  for  the  polymerisation  of  DHCD-DA  at  90°C  in 
the  absence  of  solvent,  [m]  =  5.5  mols/l. 

Figure  7. 

Arrehenius  plot  of  polymerisation  rate  against  temperature  for 
DHCD-DA. 

Figure  8. 

Plot  of  Rw  against  Mw  using  data  in  table  5. 

^igure  9. 

Thermal  conversion  to  polyphenylene  at  8 0 0 0 C  ,  poly (DHCD-DA)  ; 
poly ( DHCD-DP ) ;  ,  poly ( DHCD-DB) ;  , poly ( D*-ring  DHCD-DA) ; 

po 1 y ( D 1 2  DHCD-DA). 

Figure  10. 

Thermal  conversion  to  polyphenylene  at  different  temperatures .  , 

Poly ( DHCD-DMC ) ;  ,  poly ( DHCD-DA) . 

Figure  1 1 . 

Catalysed  thermal  conversion  of  poly ( DHCD-DMC )  at  220°C.  Catalyst  KBr, 
concentration  2  percent  w/w. 

Figure  1 2 . 

Aromat isat ion  of  poly ( DHCD-DMC )  in  N-met hylpyrol idone  as  solvent.  The 
process  was  followed  using  thermogra vimetri c  analysis.  Temperature 
170°C,  polymer  concentrat ionf 5  percent  w/w. 

Figure  13. 

Aromat i sat  ion  of  poly (DHCD-DMC )  in  N-methyl pyrol idone  as  solvent. 
Samples  removed  and  intrinsic  viscosities  determined  by  dilution.  A 
sharp  increase  in  intrinsic  viscosity  oeours  at  20  percent 
conversion . 

Figure  1 4 . 

The  effect  of  annealing  temperature  on  the  crystallinity  of 
polyphenylenes  obtained  under  differing  aromatisation  conditions 

(a)  amorphous  polyphenylene  obtained  at  150°C 

(b)  semi-crystalline  polyphenylene  obtained  at  240°C.  Annealing 
time  17  hours. 

Figure  15. 

Glass  transition  temporal  ur*»s  for  [  ■ !  /m- -m  wit.h  different,  degrees,  of 

aromatisation.  The  figure  for  100  p . .  n  *  aromat  isat  ion  was  obtained 

from  figure  14a.  Measurements  carried  out  using  a  differential 
scanning  calorimeter. 

F i gure  1 6 . 

Thermal  gravimetric  analysis  of  a  (••  •!  yr  henylene  coating  at  380°C. 
Sample  previously  healed  to  320°  in  ,iif>'og^n  for  24  hours . 

(a)  in  nitrogen,  initial  1.48  percent  loss  due  to  residual  higher 

ol  i  goiners 
i  n  a  i  r 


(b) 
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Table  1 

Properties  of  Derivatives  of  DHCD 


Derivative 

Diacetate  (DHCD-DA) 
Dipivalate  (DHCD-DP) 

Di benzoate  (DHCD-DB) 

Di(p-N02  Benzoate) 

Di(p-Br.  Benzoate) 
Dimethoxycanbonyl  ( DHCD-DMC ) 
D  iethoxycarbony  1  ( oifCD-DKC ) 
Dimethylether  (DHCD-DME) 


Bpt 

Mpt 

70 

(0.  1  mmllg) 

40 

1  10 

(0.1  mmHg) 

30 

- 

q  > 

- 

1  ob 

- 

159 

105 

(0.1  mmHg ) 

36 

1  1  0 

hi qu i d 

r<> 

1  1  0  mmHg ) 

Li qu i d 

70 


TabU>  2 


Comparison  of  ratios 
(kp)  and  termination 

at  90°C  of  kinetic  parameters  for  propogation 
(kp)  for  the  polymerisation  of  vinyl  monomers 

Monomer 

Vt* 

Styrene 

0.05 

Methylmethacrylate 

0.1  0 

DHCD-DMC 

0.04 

DHCD-DA 

0.02 

Table  3 

Polymerisation  of  DHCD-DMC  at  50°C  and  3000  atmospheres  in  benzene  as 


solvent . 

[mJ0  i c J  o 

Con version 

Mw 

Mn 

Mol/2.  Mol/2 

per  cent 

2.44  0.007? 

75.6 

523,770 

1 49,065 

2.44  0.031 

f 

90.3 

422,430 

134,580 

2.44  0.015 

76.3 

431,360 

157,130 

4.11  0.015 

70.0 

563,050 

171 ,720 

Table  4 

Effect  of  deuteration  on 
DHCD-DA  at  40°C. 

the  initial  rate  of 

polymerisation 

of  the 

Monomer 

10sRp 

Mw 

2  mol'1  Sec"1 

C6H6  (0.C0.CH3)2  (HI  2) 

75 

65,600 

C6D6  (O.CO.CH3)2 

6.85 

55,390 

C6H6  (0.C0.CD3)2 

h  .  8.  ' 

71 ,530 

C6D6  (O.CO.CD3)2  (Dll?) 

7.  3? 

171  ,810 

71 


Neutron  scattering  stud. 

of  Poly 

PHCD-DM 

in  the  S: 

o  L  i d  State 

SAMPLE  CODE 

D17 

LOADING 

.  . 

1 0“6 .Mw 
LALLS 

L> 

(  GPC  ; 

10~b  Mw 
(SAtJS) 

urb  Mtt 
w 

(  S3 WS 

Corr .  ) 

Rw 

A 

BLEND  1 

10 

2.10 

1.5 

1  .53 

1  .94 

364 

2 

10 

1  .5 

1  . 4 

1 .0 

1  .2 

320 

3 

10 

0.860 

1.7 

0.530 

0.627 

230 

4 

1  0 

0. 1160 

1.4 

0.368 

0.467 

1  74 

5 

10 

0.250 

1  .9 

0.188 

0.238 

119 

1  A  1  OF 

1  0 

1.6 

1  .8 

1.46 

1  .86 

326 

2A  5F 

5 

0.440 

1.6 

0.424 

- 

171 

2A  1  OF 

10 

0.440 

1  .6 

0.382 

0.485 

172 

r 

i1 


Table  ' 


Kinetic  Data  for  the  Aromat isat ion  of  Visions  Derivatives  of 
Poly(DHCD)  Obtained  From  Thermal  Gravimet  rie  Analysis  Results  at 
300°C 


Derivative 


First  ''nier  Rate 


Ha  1 f-Li f  e 


1 

& 

poly ( DHCD-DA) 

(  i . ;  i  i|  h 

16 

Si 

poly(D-b  Ring  DHCD-DA) 

0.021 

33 

poly (D-1 2  DHCD-DA) 

0.012 

58 

I * 

Poly(DHCD-DP) 

0.037 

1  9 

1  §; 
i 

r 

Poly(DHCD-DB) 

0.03^ 

20 

*• 

%  N 
% 

Table  7 

l  ^ 

Kinetic  Data  for  the  Aromat isation  of  Pol y ( DHCD-DM ) 

from  Thermal 

1  ■ 

Gravimetric  Analysis 

1 

Temperature 

^  First  Order  Rate 

Half-Life 

r  ts 

°C 

Constant  imin-1) 

(min) 

0.12 

0.066 

0.022 


Solution  Arum  it i sat  ion 

of  Poly(HHCD-DMC)  at  148°C  in  NMi 

Initial  concentrat i on  1 5  percent 

w  /  V 

Aromatisation 

CPC 

Results 

percent 

Rw 

Mw/Mn 

0 

1 39,700 

2.34 

6 

1 90,800 

2.27 

1  5 

1 39,000 

3.11 

16 

169,000 

4.02 

18 

193,800 

4.06 

20 

243,700 

6.46 

22 

320,900 

7.63 

26 

331 ,200 

12.10 

Polyphenylene 
This  paper 


Principle 

Reflections 


Table  1 1 


p-Terphenyl  (13) 


Principle 

Reflection:' 


Structural  Feature 


Distance  between  phenyl 
groups  in  some  molecule 
in  the  direction  of  the 
principle  molecular  axis 


Distance  between  similar 
centres  of  phenyl  groups 
in  adjacent  molecules  all 
lying  in  the  same  plane 


'  : :  '  iri 1  'i •  bet  ween  pl  ane:;  o 
mo  1  "l  1  es 


.■V.V'V 


SV/.'i'.V 


'f*  i*  .* 


Table  v 

Electrical  Conductivity  '!'  polyphenylene 


Dopant  Conductivity  Empirical 

ohm” 1  cm-1  Formula 


Sodium  n  type  0.6  x  10~2 

Naphthal ide 


Ferr  ic 

P  type 

1.5  x  1 0-2 

(FeClJ 

ChtSride 

1  2 

AsF5 

P  type 

1  x  102 

(C6H„ ) ( AsFs) o .  „2 
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SOCIETY  ACTIVITIES 


CALENDAR  YEAR  1987 


CONFERENCES 


JULY  20-25 


ICCM  VI,  Imperial  College,  London,  England 
(ASC  Co-sponsor) 


SEPTEMBER  University  ot  Delaware,  Dr.  Roy  McCullough 


22-24 


(302-451-1261)  and  Dale  Wilson  (302-451-1261) 
Co-chairmen.  Center  tor  Composite  Materials, 
University  of  Delaware  Co-sponsor. 


SHORT  COURSES 

AUGUST  18  -  20  Short  Course  on  Composite  Materials 

Stouffer  Dayton  Plaza  Hotel,  Dayton,  Ohio. 


AUGUST  25 -26  Biotechnology  Aided  Synthesis  of  Aerospace 

Composite  Resins.  Stouffer  Dayton  Plaza  Hotel, 
Dayton,  Ohi^>. 


CONFERENCES  SCHEDULED  FOR  19S8,  1989  AND  1991 


1988 

MAY 

JUNE  27  -29 


SEPTEMBER 


mi 


mi 


L, 


AIAA/SDM  Conference,  May  1988.  ASC  Co-sponsor. 

FOURTH  JAPAN-UNITED  STATES  Conference  on 
Composite  Materials,  ASC  Co-sponsor,  Loews  E'Enfant, 
Plaza  Hotel,  Washington,  Jack  R.  Vinson  -  Chairman. 

ASC  3rd  Annual  Conference  on  Composites,  Seattle, 
Washington,  Dr.  James  Sclcris  (206-543-9371)  Chairman. 
University  of  Washington  -  Co-sponsor. 

Virginia  Polytechnic  Institute  and  State  University, 
Blacksburg.  Virginia.  Dr.  K.E.  Reifsnider 
(703-96 1 -53 16)  Chairman.  VP1  -  Co-sponsor 

ICCM-VIII,  Sliei  at  on  Waikiki  I  Intel.  I  lonolulu,  I  lawaii. 
Dr.  Som  R.  Soni  (5 1  3-878-2  774  )  (  haimian. 
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AMERICAN  SOCIETY  FOR  COMPOSITES 
211  N.  BROAD  STREET 
FAIRBORN,  OHIO  45324-4932 


APPLICATION  FOR: 

□  STUDENT  MEMBER  -  Persons  Interested  In  the  development  and  application  of  composites. 

-  Shall  be  full  time  undergraduate  or  graduate  student  in  science  or  engineering 
in  a  school  of  recognized  standing. 

□  MEMBER  -  Shall  have  achieved  Bachelor  or  higher  degree  in  science  and  engineering,  or 

equivalent  qualifications  through  professional  practice. 

-  Shall  have  professional  experience  in  or  related  to  composites. 

-  Members  enrolled  before  Dec  31,  1986  shall  be  founder  members. 


LAST  NAME  FIRST  NAME  MIDDLE  NAME  BIRTH  DATE 

ORGANIZATION  INFORMATION 

COMP  ANY, ORGANIZATION  OR  AGENCY  DIVISION  OR  DEPARTMENT 

ADDRESS  CITY  STATE  ZIP  CODE 

JOB  TITLE  TELEPHONE  NUMBER 

HOME  INFORMATION 

NUMBER  AND  STREET 

CITY  STATE  ZIP  CODE 

WHERE  WOULD  LIKE  TO  RECEIVE  YOUR  ASC  MAIL?  i_J  ORGANIZATION  DhOME 

EDUCATION  RECORD 

DEGREE  ATTAINED  ?  COLLEGE  OR  UNIVERSITY  YEAR  MAJOR 

PROFESSIONAL  EXPERIENCE 

SUMMARY  OF  EXPERIENCE  INDICATING  MONTHS  AND  YEARS  RELATED  TO  OR  IN  COMPOSITES: 

PROFESSIONAL  INTEREST 

SIGNATURE 

SPONSOR  (OPTIONAL) 

NAME 

SIGNATURE  DATE  MEMBER  NUMBER 

ANY  ADDITIONAL  INFORMATION  CAN  BE  GIVEN  ON  SEPARATE  SHEET 
STUDENT  MEMBER  FEE:  $16.00  MEMBER  FEE:  $25.00 

PAYMENT  CAN  BE  MADE  BY  CIIECK/MO  PAYABLE  TO  ASC 


